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Recent  Advances  in  Space-Time  Adaptive  Processing 


Michael  C.  Wicks,  Ph.D. 

Air  Force  Research  Laboratory 
Radar  Signal  Processing  Branch 
26  Electronic  Parkway 
Rome,  NY  13441-4514 

Abstract:  STAR  algorithms  are  often  developed  under  many  simplifying 
assumptions.  Adaptive  weights  are  computed  statistically,  based  on  an 
estimated  interference  covariance  matrix.  This  estimation  process  requires  a 
large  number  of  homogeneous  data  in  order  to  provide  for  adequate  sample 
support.  In  the  real  world,  the  received  data  is  often  not  homogeneous,  and 
the  required  sample  support  is  not  available.  New  techniques  must  be  used  to 
counter  non-homogeneous  interference.  In  addition,  STAP  must  also 
compensate  for  mutual  coupling  and  near  field  scattering  effects. 

Our  research  addresses  the  issues  of  sample  support  and  array  effects. 
The  sample  support  required  is  directly  proportional  to  the  number  of 
adaptive  weights  to  be  computed.  Joint  Domain  Localized  (JDL)  processing 
in  the  angle-Doppler  domain  yields  excellent  interference  suppression  with 
few  degrees  of  freedom  and  low  sample  support.  Array  effects  may  be 
addressed  in  a  generalized  JDL  algorithm  via  the  use  of  measured  spatial 
steering  vectors.  We  use  a  Non-Homogeneity  Detector  (NHD)  to  select 
training  data,  and  a  Direct  Data  Domain  (D^)  least  squares  based  STAP 
beamforming  algorithm  to  suppress  clutter  discretes  in  the  cell  under  test.  In 
this  research,  we  apply  a  hybrid  algorithm  which  combines  NHD  and  D 
least  squares  processing  with  the  generalized  JDL  algorithm,  in  order  to 
achieve  the  benefits  of  each.  Our  hybrid  algorithm  provides  effective 
suppression  of  diserete  and  spatially  distributed,  correlated  interference. 

1.0  Introduction 


Airborne  surveillance  radar  systems  operate  in  a  severe  and  dynamic 
interference  environment.  This  interference  is  a  sum  of  clutter,  electronic  counter 
measures  (ECM),  and  electromagnetic  interference  (EMI).  Extensive  research  into 
STAP  for  the  airborne  moving  target  indication  (AMTI)  mission  has  proven  its 
superiority  over  non-adaptive  techniques.  Looking  to  the  future,  the  advantages  of 
STAP  for  the  AMTI  mission  need  to  be  extended  to  weak,  slow  moving  target 
detection,  as  well  as  to  ground  moving  target  indication  (GMTI).  Here,  targets  are 
masked  in  Doppler  by  clutter  from  the  antenna  mainbeam  and  near-in  sidelobes. 
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In  airborne  or  space-based  radar,  the  clutter  in  a  given  range  cell  has  a 
structure  determined  in  part  by  the  motion  of  the  sensor  (Figure  1).  The  slope  of 
the  clutter  ridge  in  angle-Doppler  space  is  determined  by  the  velocity  of  the 
platform.  In  AMTI,  the  threat  target  is  often  widely  spaced  from  mainlobe  clutter 
in  Doppler.  As  such,  it  is  possible  to  use  conventional  STAP  algorithms  to 
suppress  sidelobe  returns.  For  slower  airborne  threats,  and  in  GMTI,  the  detection 
problem  is  more  difficult  since  the  target  is  closer  to  mainbeam  clutter  in  Doppler. 


The  goal  of  our  adaptive  processing  research  is  to  solve  practical  STAP 
problems  and  to  improve  AMTI/GMTI  performance.  Our  efforts  address  issues  of 
sample  support  and  array  effects,  including  mutual  coupling.  In  the  real  world, 
measured  data  is  often  not  homogeneous,  and  the  required  sample  support  may 
not  be  available.  For  non-homogeneous  test  cells,  new  techniques  are  required  to 
separate  mainlobe  targets  from  sidelobe  discretes.  In  our  research,  we  apply  a 
hybrid  algorithm,  which  combines  environmental  assessment  via  the  NHD  for 
training  data  selection,  with  a  least  squares  beamformer  to  suppress  sidelobe 
discretes.  The  JDL  algorithm  then  provides  for  additional  clutter  suppression  in 
the  angle-Doppler  domain,  using  only  limited  degrees  of  freedom.  This  hybrid 
algorithm  provides  effective  suppression  of  discrete  and  spatially  distributed, 
correlated  interference. 

2.0  Background 

The  goal  of  adaptive  processing  is  to  weight  the  received  space-time  data 
vectors  to  maximize  the  output  signal-to-interference  plus  noise  ratio  (SINK). 
Traditionally,  weights  are  computed  using  estimates  of  the  interference  statistics 
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averaged  over  range.  These  weights  maximize  the  gain  in  a  desired  look  direction, 
while  nulling  interference.  Traditionally,  fully  adaptive  STAP  procedures 
determine  adaptive  weights  using  an  estimated  covariance  matrix,  as  given  by 
Equation  (1) 

w  =  R”'s.  (1) 

In  this  equation,  s  sets  the  “look  direction”,  the  direction  in  angle  and  Doppler 

A 

being  tested  for  the  presence  of  a  target.  The  covariance  matrix,  R ,  is  estimated 
by  averaging  over  secondary  data  chosen  from  range  cells  close  to  the  cell  under 
test  (the  primary  range  cell)  as  given  by: 

A  k=\ 

Equations  (1)  and  (2)  illustrate  the  two  main  challenges  in  applying  a  fully 
adaptive  procedure:  the  degrees  of  freedom  and  the  homogeneity  of  the  radar 
data.  Underlying  several  STAP  approaches  is  a  third  problem,  array  effects.  In 
Equation  (1)  the  number  of  unknowns  and  size  of  the  covariance  matrix  directly 
determines  the  degrees  of  freedom.  The  total  computation  load  rises  as  the  third 
power  of  the  number  of  unknovms.  Choosing  this  parameter  is  therefore  crucial  to 
a  practical  implementation  of  STAP.  In  the  fully  adaptive  approach,  the  number 
of  unknowns  is  the  number  of  elements  (N)  times  the  number  of  pulses  (M).  This 
requires  estimation  of  the  NM  dimensional  covariance  matrix  of  the  interference. 
In  practice,  an  accurate  estimate  requires  2NM  to  3NM  independent  and 
identically  distributed  (i.i.d.)  secondary  data  samples  [Reed  74].  This  number 
may  be  very  large,  making  it  impossible  to  evaluate  the  covariance  matrix  and  the 
adaptive  weights  in  a  reasonable  computation  time.  One  goal  of  STAP  research 
has  therefore  been  to  reduce  the  number  of  adaptive  unknowns,  while  maintaining 
performance.  Equation  (2)  estimates  the  covariance  matrix  using  K  secondary 
data  vectors  from  range  bins  close  to  the  range  cell  under  test.  The  inherent 
assumption  is  that  the  statistics  of  the  interference  in  the  secondary  data  are  the 
same  as  that  within  the  primary  range  cell,  i.e.  the  data  is  assumed  homogeneous. 
K  should  be  greater  than  twice  the  number  of  unknowns  in  any  adaptive 
processor.  Practically  speaking,  it  is  impossible  to  obtain  a  large  number  of  i.i.d. 
homogeneous  secondary  data  vectors  (large  K).  No  clutter  scene  is  perfectly 
homogeneous  and  most,  if  not  all,  land  clutter  is  sufficiently  non-homogeneous  to 
impact  performance.  Traditionally,  STAP  algorithms  were  developed  for  proof- 
of-concept  assuming  the  receive  antenna  is  a  linear  array  of  isotropic  point 
sensors.  In  practice,  building  such  an  array  is  not  feasible  and  the  elements  must 
be  of  some  physical  size.  This  implies  that  the  array  not  only  receives,  but  also 
scatters  incident  fields,  leading  to  mutual  coupling  between  elements. 
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2.1  Joint  Domain  Localized  Processing  in  the  Ideal  Case 


To  overcome  the  drawbacks  of  the  fully  adaptive  algorithm,  researchers  have 
limited  the  number  of  adaptive  weights  to  reduce  problems  associated  with 
sample  support  and  computation.  Wang  and  Cai  [Wang  94]  introduced  the  JDL 
algorithm,  a  post-Doppler  beam-space  approach,  that  adaptively  processes  the 
radar  data  after  transformation  to  the  angle-Doppler  domain.  Adaptive  processing 
is  restricted  to  a  localized  processing  region  (LPR)  in  the  transform  domain, 
thereby  significantly  reducing  the  number  of  unknowns  while  retaining  maximal 
gain  against  thermal  noise.  The  lower  degrees  of  freedom  leads  to  a 
corresponding  reductions  in  required  sample  support  and  computational  load. 

3x3  LPR 

Target  localized 
to  single  bin 

Angle  Bins 


Figure  2.  Localized  Processing  Regions  in  JDL  for  =  7d  =  3. 


As  shown  in  Figure  2,  a  LPR  centered  about  the  look  angle-Doppler  point  is 
formed  and  interference  is  suppressed  in  this  angle-Doppler  region  only.  The 
LPR  covers  angle  bins  and  Doppler  bins.  The  choice  of  7a  and  7d  is 
independent  of  the  number  of  elements,  N,  and  the  number  of  pulses,  M,  and 
“decouples”  the  adaptive  degrees  of  freedom  from  the  size  of  the  data  cube.  The 
covariance  matrix  corresponding  to  this  LPR  is  estimated  using  secondary  data 
from  neighboring  range  cells.  The  adaptive  weights  are  then  calculated  using 

Equation  (1).  The  estimated  covariance  matrix  R  is  replaced  with  R,  the 
estimated  9  dimensional  angle-Doppler  domain  covariance  matrix  corresponding 
to  the  LPR  of  interest.  The  steering  vector  s  is  replaced  with  the  angle-Doppler 
steering  vector  s ,  and 

W  =  R"^S.  (3) 

Here,  the  number  of  adaptive  unknowns  is  equal  to  7a  7d  =  9-  The  steering 
vector  for  the  adaptive  process  is  the  space-time  steering  vector  s  of  Equation  (1) 
transformed  to  the  angle-Doppler  domain  and  truncated.  Under  the  two 
conditions  listed  above,  s  is  given  by  the  7a7d  length  vector 


s  =  [0A...,0,1A...0,0f. 


(4) 
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2.2  Accounting  for  Array  Effects 


This  section  addresses  a  second  major  concern:  the  impact  of  mutual 
coupling  between  the  elements  of  the  array  as  well  as  scattering  off  the  aircraft 
body  [Adve  00].  When  applying  the  JDL  algorithm  to  measured  data,  a  crucial 
assumption  in  the  discussion  above  is  invalid.  The  elements  of  an  array  cannot  be 
point  sensors.  Owing  to  their  physical  size,  the  elements  of  the  array  are  subject 
to  mutual  coupling.  In  a  physical  array,  the  spatial  steering  vectors  must  be 
measured  or  obtained  using  numerical  electromagnetic  analysis.  These  steering 
vectors  must  be  used  to  transform  from  the  spatial  domain  to  the  angle  domain. 
This  transformation  is  necessarily  non-orthogonal  with  a  corresponding  spread  of 
target  information  in  the  angle-Doppler  domain. 

In  this  section,  we  replace  the  DFT-based  transformation  described  above 
with  a  generalized  transformation  matrix.  The  key  contribution  of  this  approach  is 
in  accounting  for  array  effects,  thereby  eliminating  two  stipulations  on  the 
original  JDL  algorithm.  This  formulation  can  now  be  applied  to  physical  arrays 
of  arbitrary  configuration. 

In  the  JDL  algorithm,  only  data  from  within  the  LPR  is  used  for  adaptive 
processing.  The  transformation  from  the  space-time  domain  to  the  angle-Doppler 
domain  is  an  inner  product  with  a  space-time  steering  vector,  an  argument  that 
holds  true  for  ideal  linear  arrays  and  physical  arrays.  Mathematically  therefore, 
the  relevant  transformation  to  within  the  LPR  is  a  pre-multiplication  with  a  {NM  x 
7a  7d)  transformation  matrix.  The  transformation  process  is 

'^LPR  =  T  X.  (5) 

In  [Wang  94],  to  achieve  the  simple  form  of  the  angle-Doppler  steering  vector 
given  by  Equation  (4),  the  use  of  a  low  sidelobe  window  to  lower  transform 
sidelobes  is  discouraged.  However,  the  use  of  such  a  window  may  be 
incorporated  by  modifying  the  transformation  matrix  T.  The  angle-Doppler 
steering  vector  used  to  solve  for  the  adaptive  weights  in  Equation  (1)  is  the  space- 
time  steering  vector,  transformed  to  the  angle-Doppler  domain  via  the  same 
transformation  matrix  T,  i.e. 

S  =  T^S.  (6) 

The  transformation  matrix  is  defined  for  the  chosen  Doppler  frequencies  and 
angles  without  any  restrictions  on  their  values. 

2.2.1  Multi-Channel  Airborne  Radar  Measurements  (MCARM) 

The  discussion  above  dealt  with  applying  the  JDL  algorithm  to  real  arrays  by 
accounting  for  mutual  coupling  and  airframe  effect.  The  performance 
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improvements  over  the  original  JDL  algorithm  are  presented  here  using  data  from 
the  MCARM  program.  The  MCARM  program  had  as  its  objective  the  collection 
of  multiple  spatial  channel  airborne  radar  data  for  the  development  and  evaluation 
of  STAP  algorithms.  The  Air  Force  Research  Laboratory  contracted  with 
Northrop  Grumman  to  develop  the  measurement  capability  and  to  accomplish 
flight  tests  [Fenner  96].  Under  the  MCARM  program,  monostatic  data  was 
collected  during  flights  along  the  east  coast  of  the  United  States. 

The  array  antenna  is  mounted  in  an  aerodynamic  cheek-mounted  radome, 
located  just  forward  of  the  port  wing  of  the  aircraft.  The  L-band  (1 .24GHz)  active 
array  consists  of  16  columns,  with  each  column  having  two  4-element  subarrays. 
The  elements  are  vertically  polarized,  dual-notch  reduced-depth  radiators.  These 
elements  are  located  on  a  rectangular  grid  with  horizontal  spacing  of  4.3  inches 
and  vertical  spacing  of  5.54  inches.  There  is  a  20  dB  Taylor  weighting  across  the 
8  elevation  elements  resulting  in  a  0.25  dB  elevation  taper  loss  on  both  transmit 
and  receive.  The  total  average  radiated  power  for  the  array  is  approximately  1.5 
kW.  A  6  dB  modified  trapezoid  weighting  on  the  azimuth  transmit  illumination 
function  is  used  to  produce  a  7.5°  beamwidth  boresight  pattern  with  -25  dB  rms 
sidelobes. 


Figure  3.  Magnitude  of  MCARM  steering  vectors. 


Of  the  32  possible  channels,  only  24  receivers  were  available  for  data 
recording.  Two  of  the  receivers  were  used  for  analog  sum  and  azimuthal 
difference  beams.  There  are  22  (N=22)  digitized  channels  which,  in  this  work,  are 
arranged  as  a  rectangular  2x11  array.  Each  coherent  processing  interval  (CPI) 
comprises  128  (M=128)  pulses  at  a  pulse  repetition  frequency  (PRF)  of  1984Hz. 
In  the  ideal  case  of  a  linear  array,  the  magnitude  of  the  steering  vector  is  a 
constant.  Figure  3  shows  the  variation  in  magnitude  for  the  MCARM  array.  The 
magnitude  varies  by  as  much  as  4dB  over  the  32  elements. 
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2.2.2  Example:  MTS  Tones 


Flight  5,  acquisition  152  includes  clutter  and  tones  from  a  moving  target 
simulator  (MTS)  radiating  at  pre-selected  Doppler  frequencies.  Five  tones  are 
received  at  approximately  -800  Hz  (0  dB),  -600  Hz  (-14  dB),  -400  Hz  (-20  dB),  - 
200  Hz  (-26  dB)  and  0  Hz  (-3 1  dB).  The  data  in  this  acquisition  are  returns  from 
128  pulses  measured  across  22  channels.  The  PRF  for  this  flight  was  1984  Hz, 
hence  the  separation  of  200  Hz  corresponds  to  nearly  13  Doppler  bins. 


Figure  4.  JDL  before  and  after  accounting  for  array  effects  (MTS  Tones). 
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Figure  4  plots  the  modified  sample  matrix  inversion  (MSMI)  test  statistic  versus 
Doppler  bin  for  the  two  cases  considered.  A  target  at  the  primary  range  cell  is 
declared  if  the  MSMI  statistic, 


Vmsmi  ~ 


w^x 


s"R  s 


Ht 

> 

< 

Ho 


7o  = 


(7) 


is  above  a  chosen  threshold.  In  the  first  plot,  the  five  tones  are  clearly  visible  with 
the  strongest  tone  at  bin  -53  spread  over  Doppler  space.  A  few  spurious  tones  are 
also  visible.  The  second  plot  shows  the  results  of  the  JDL  algorithm  modified  to 
account  for  array  effects.  The  five  tones  are  clearly  visible  and  the  spurious  tones 
are  suppressed. 


2.3  Non-Homogeneity  Detection 


This  section  presents  the  third  key  issues  that  limits  adaptive  processing  in 
real  world  applications:  the  non-homogeneous  and  dynamic  environments 
typically  observed  from  airborne  radars.  Non-homogeneous  data  is  the  most 
significant  of  the  three  issues  discussed  herein.  Significant  processing  losses 
result  from  the  mismatch  between  the  environment  and  the  algorithm.  Recent 
work  has  shown  that  it  is  essential  to  sense  the  actual  environment,  and  then  to 
match  adaptive  processing  to  the  environment  [Antonik  97]. 

In  the  filtering  stage  of  the  radar  processing  chain,  training  data  are  selected 
about  the  cell  under  test,  and  that  training  data  is  used  to  estimate  the  interference. 
Conventional  STAP  algorithms  use  a  symmetric  sliding  window  about  the  cell 
under  test  in  order  to  select  training  data.  This  assumes  that  the  data  are 
homogeneous  and  i.i.d.  Improved  methods  are  needed  to  more  carefully 
implement  processing  based  on  the  environment.  For  detection,  this  means  better 
selection  of  training  data,  requiring  non-symmetric,  non-contiguous  secondary 
data  samples  be  selected.  As  shown  in  the  literature,  [Chang  97],  these  secondary 
data  samples  must  best  represent  the  interference,  or  at  least  the  homogeneous 
component  of  the  interference,  in  a  statistic^  sense.  The  non-homogeneity 
detector  (NHD)  must  be  matched  to  the  processing  at  hand. 

Recent  developments  in  non-homogeneity  detection  allow  for  better  selection 
of  training  data.  We  have  been  investigating  a  variety  of  non-homogeneity 
detection  techniques  including  application  of  the  Generalized  Inner  Product  and 
multi-pass  STAP.  In  multi-pass  STAP  techniques,  a  first  filtering  stage  serves  as 
the  NHD.  A  second  stage  then  performs  the  filtering  function. 

Using  the  NHD  provides  a  significant  performance  improvement  over 
conventional  methods.  However,  once  non-homogeneous  cells  have  been 
identified,  how  are  these  cells  handled  in  the  filtering  and  detection  processes? 
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By  definition,  the  non-homogeneous  cells  are  not  like  neighboring  cells,  so  it  is 
not  appropriate  to  use  traditional  statistical  techniques.  To  address  this  case,  we 
developed  a  hybrid  STAP  technique  that  combines  non-statistical  and  statistical 
adaptive  processing  methods. 

2.4  Direct  Least  Squares  Approach 

The  inability  of  traditional  statistical  algorithms  to  counter  the  non- 
homogeneous  components  of  interference  motivates  research  in  non-statistical 
direct  data  domain  or  algorithms.  One  researcher  [Sarkar  89]  developed  an 
algorithm  that  optimizes  the  signal  to  interference  ratio  in  a  least  squares  sense  for 
signals  in  a  constrained  look-direction.  This  method  minimizes  the  error  between 
the  received  voltages  (signal  plus  interference)  and  a  signal  from  the  assumed 
direction.  This  approach  does  not  employ  data  from  outside  the  range  cell  under 
test,  and  therefore  does  not  require  secondary  data.  This  makes  the  an 
attractive  alternative  in  non-homogeneous  clutter. 


Consider  the  A^-element  uniformly  spaced  array  shown  in  Figure  5.  For  a 
look  direction  of  <f\,  the  signal  advances  from  one  element  to  the  next  by  the  same 
phase  factor  Zs=[exp(/’2;7sin(^4)]-  The  term  obtained  by  the  subtraction  operation  in 
Figure  5  is  therefore  free  of  the  target  signal  and  contains  only  interference  terms. 
The  algorithm  minimizes  the  power  in  such  interference  terms  while 
maintaining  gain  in  the  direction  of  the  target. 

To  best  present  the  algorithm,  the  data  from  the  N  elements  due  to  the  M 
pulses  in  a  CPI  is  written  as  a  NxM  matrix  X  whose  m'*’  column  corresponds  to 
the  N  returns  from  the  pulse,  represented  by  x(m).  The  data  matrix  is  a  sum  of 
target  and  interference  terms 

X  =  #S({»„f,)+C  +  N.  (8) 

Define  the  Mx(iV-l)  matrix  A  to  be: 
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where  Zs  is  the  phase  progression  of  the  target  signal  from  one  element  to  the 
next.  Theoretically,  the  entries  of  A  are  interference  terms  only.  Consider  the 
following  scalar  functions  of  a  vector  of  spatial  weight  Ws,  where  H  H  represents 
the  2-norm  of  a  vector  and  a(ow-2)  represents  the  first  N-\  entries  of  the  spatial 
steering  vector.  The  term  G  in  Equation  (10)  represents  the  gain  of  the  weight 
vector  Ws  at  the  look  angle  <j\^  while  the  term  /  represents  the  residual  interference 
power  after  the  data  is  filtered  by  the  same  weights.  Hence,  the  term  C  is  the 
difference  between  the  gain  of  the  antenna  at  the  look  angle  and  the  residual 
interference  power.  The  term  k  in  the  definition  of  C  is  an  emphasis  parameter 
that  will  be  described  later. 

2 

=  wf  A^A  w^,  (10) 


Mathematically,  the  algorithm  finds  weights  that  maximize  the  difference: 
max  1  max  ] 

llw.lL=i  i^w.J  ||wJL=il.^»,  ^  r 


max^/fL  _^2 

P(0:W-2)^(0:W-2) 


A^A‘]w,, 


where  the  constraint  IwjI^  =1  is  chosen  to  obtain  a  finite  solution.  Using  the 
method  of  Lagrange  multipliers,  it  can  be  shown  that  the  desired  weight  vector  is 
the  eigenvector  corresponding  to  the  maximum  eigenvalue  of  the  (iV-l)x(iV-l) 
matrix  [a(„..w.2)a(aA/-2)  This  formulation  yields  a  weight  vector  of 

length  (iV-1).  The  loss  of  one  degree  of  freedom  represents  the  subtraction 
operation  in  defining  the  matrix  A.  Analogous  to  the  spatial  adaptive  weights,  the 
temporal  weight  vector  Wt  is  also  computed.  The  length  NM  space-time  adaptive 
weight  vector,  for  look  angle  (j),  and  look  Doppler  /t  is  then  given  by 


(12) 
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The  parameter  k  above  sets  a  trade  off  between  main  beam  gain  and 
interference  suppression.  By  changing  the  value  of  this  parameter,  it  is  possible  to 
emphasize  one  or  the  other  term.  In  determining  the  spatial  weights,  choosing  k= 
0  eliminates  the  interference  term.  Therefore,  as  k~^  0  the  weight  vector 
approaches  the  non-adaptive  steering  vector  used  in  pulse-Doppler  processing.  On 
the  other  hand,  if  k  is  chosen  to  be  large,  the  role  of  the  gain  term  G  is  negligible 
and  the  weight  vector  is  dependent  on  the  interference  term  only.  This  leads  to 
emphasis  on  the  suppression  of  interference  at  the  expense  of  main  beam  gain.  Note 
that  the  adaptive  weight  vector  in  Equation  (12)  is  obtained  using  data  from  the 
primary  range  cell  (test  cell)  only. 

2.4.1  Performance  of  Processing  in  Non-homogeneous  Interference 

In  this  section,  the  advantages  and  disadvantages  of  processing  are 
illustrated.  This  simulation  includes  the  effects  of  clutter,  barrage  noise  jammers, 
white  noise  and  a  discrete  interferer.  Table  1  lists  the  parameters  used  in  the 
example. 


Table  1 :  Parameters  for  example  using  simulated  data. 


Parameter 

Value 

Parameter 

Value 

Elements  {N) 

18 

Pulses  (M) 

18 

Element  Spacing 

0.5X 

Pulse  Repetition 

Frequency 

300  Hz 

Array  Transmit 
Pattern 

Uniform 

Uncompressed  Pulse 

Width 

400ps 

Mainbeam 

Transmit  Azimuth 

0° 

Transmit  Power 

400kw 

Backlobe 

Attenuation 

30 

Land  Reflectivity 

-3.0dB 

Jammer  Azimuth 
Angles 

[-20°  45°] 

Jammer  Power 

40  dB  each 

Target  Doppler 

(/t) 

1/3 

Jammer  Elevation  Angles 

[0°  0°] 

Doppler  of 
Interferer 

1/3 

Interferer  Power 

40  dB 

Angle  of 

Interferer 

-51° 

Thermal  Noise  Power 

Unity 

P  (Clutter  slope) 

1 

Number  of  Clutter 

Patches 

361 
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The  jammer  power  and  discrete  interferer  power  are  both  referenced  to  the 
noise  level.  The  clutter  power  is  fixed  by  the  transmit  power.  The  clutter  and 
jammers  represent  correlated  interference  because  these  two  interference  sources 
are  homogeneous  across  all  range  cells.  Note  that  the  discrete  interferer  is 
contained  in  the  test  cell,  with  an  offset  from  the  look  direction  in  angle  but  not 
Doppler. 


Figure  6:  JDL  Antenna  Patterns  at  Target  Doppler  and  Azimuth 
(a)  Angle  Pattern  (b)  Doppler  Pattern. 
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Figure  6  plots  antenna  patterns  along  the  target  azimuth  and  Doppler  for  the 
JDL  algorithm.  In  the  angle  pattern,  note  the  high  sidelobe  in  the  direction  of  the 
discrete  interferer.  This  discrete  interferer  is  within  the  primary  range  cell  and 
cannot  be  nulled  by  the  JDL  algorithm.  However,  JDL  does  place  deep  nulls  in 
the  direction  of  the  white  noise  jammers  at  -20°  and  45°. 
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Normalized  Doppler 


Figure  7:  Direct  Data  Domain  Patterns  at  Target  Doppler  and  Azimuth 
(a)  Angle  Pattern  (b)  Doppler  Pattern. 
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The  Doppler  plot  in  Figure  6  shows  a  deep  null  at  zero  Doppler  frequency 
corresponding  to  mainbeam  clutter.  These  two  plots  illustrate  the  effectiveness  of 
the  JDL  algorithm  in  suppressing  distributed  interference  such  as  jamming  and 
clutter.  However,  they  also  illustrate  the  inability  of  a  purely  statistical  algorithm 
to  suppress  point  non-homogeneities  (discretes)  in  the  cell  under  test.  The  adapted 
beam  patterns  presented  in  this  paper  are  mean  averaged  over  200  independent 
realizations.  Vertical  bars  represent  the  standard  deviation  over  these  200  trials. 
This  method  was  required  because  the  D^  algorithm  is  non-statistical  and  based 
solely  on  one  realization.  Operating  with  the  a  known  covariance  matrix  to  obtain 
an  ideal  pattern,  as  possible  in  statistical  algorithms,  is  not  an  option. 

Figure  7  above  plots  the  antenna  patterns  resulting  from  the  implementation 
of  the  two-dimensional  D^  algorithm.  The  angle  plot  demonstrates  the 
effectiveness  of  the  D^  algorithm  in  placeing  a  null  in  the  direction  of  a  discrete 
interferes  The  adapted  spatial  beam  pattern  shows  a  distinct  null  in  the  direction 
of  the  interferer  at  -51°,  i.e.  the  algorithm  is  effective  in  countering  the  discrete 
within  the  range  cell  imder  test.  However,  this  figure  also  illustrates  the 
limitations  of  the  D^  algorithm.  The  nulls  in  the  direction  of  the  jammers  are  not 
as  deep  as  in  the  case  of  JDL.  The  Doppler  plot  shows  a  shallow  null  in  the 
direction  of  mainbeam  clutter  as  well.  In  summary,  D^  algorithms  do  not  suppress 
distributed  interference  as  well  as  statistical  algorithms,  however  they  offer  an 
excellent  approach  to  deal  with  discrete  “point”  non-homogeneities. 

3.0  GMTI-STAP 


The  research  presented  in  this  section  continues  the  work  described  above, 
while  also  addressing  some  of  the  critical  issues  raised  earlier.  We  present  a 
hybrid  algorithm  combining  non-statistical  and  statistical  adaptive  processing,  and 
use  this  algorithm  to  develop  the  simplest  formulation  for  a  comprehensive, 
practical,  approach  to  STAP.  This  formulation  accounts  for  the  many  of  the  real 
world  effects  listed  above. 

Section  2.4  discusses  non-statistical  adaptive  processing  in  non-homogeneous 
environments,  pointing  out  both  the  advantages  and  drawbacks  of  such  an 
approach.  Here  we  present  a  unique  formulation  combining  the  benefits  of  non- 
statistical  and  statistical  methods.  This  hybrid  algorithm  is  a  two-stage  technique 
combining  both  approaches.  The  examples  presented  in  this  paper  show  the 
improvements  in  performance  over  traditional  STAP  algorithms  and  illustrate  the 
importance  of  the  issues  raised. 
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3.1  Hybrid  (D3/JDL)  STAP 


Performance  degradation  of  STAP  algorithms  arising  due  to  non- 
homogeneous  data  occurs  in  two  forms.  In  one  form  the  secondary  data  is  not 
i.i.d.,  leading  to  an  inaccurate  estimate  of  the  covariance  matrix.  The  second  form 
of  performance  loss  is  due  to  discrete  point  non-homogeneities  within  the  test 
range  ring.  For  example,  a  large  target  within  the  test  range  ring  but  at  a  different 
angle  and/or  Doppler  may  cause  a  false  alarm.  These  non-homogeneities  enter 
through  the  sidelobes  of  the  adapted  pattern.  Since  secondary  data  do  not  carry 
information  about  these  discrete  non-homogeneities,  a  statistical  algorithm  cannot 
suppress  such  interference  within  the  range  cell  under  test.  The  example  presented 
in  Section  2.4  illustrated  the  impact  these  point  like  discretes. 

The  inability  of  statistical  STAP  algorithms  to  counter  non-homogeneities  in 
the  primary  data  motivated  our  interest  in  the  area  of  the  algorithm.  These 
algorithms  use  data  from  the  range  cell  of  interest  only,  eliminating  the  sample 
support  problems  associated  with  statistical  methods.  The  main  contribution  of 
this  paper  is  the  introduction  of  a  two-stage  hybrid  STAP  algorithm  combining 
the  benefits  of  both  the  non-statistical  algorithm  and  the  statistical  JDL 
algorithm.  This  hybrid  approach  uses  the  algorithm  as  a  first-stage  filter  to 
suppress  discrete  interference  present  in  the  range  cell  of  interest,  and  serves  as  an 
adaptive  transform  from  the  space-time  domain  to  the  angle-Doppler  domain. 
This  is  followed  by  JDL  processing  in  the  second  stage.  This  adaptive  approach 
replaces  the  steering  vector  based  non-adaptive  transform  used  in  Section  2.2.  The 
second  stage  is  designed  to  filter  out  residual  distributed  interference  [Hale  00]. 

3.1.1  Two-Stage  Hybrid  Algorithm 


Consider  the  general  framework  of  any  STAP  algorithm.  The  algorithm 
processes  received  data  to  form  a  complex  weight  vector  for  each  range  bin  and 
angle/Doppler.  The  weight  vector  then  multiplies  the  primary  data  vector  to  yield 
a  complex  number.  The  process  of  obtaining  a  real  scalar  from  this  number  for 
threshold  comparison  is  part  of  the  post-processing  and  not  inherent  to  the 
algorithm  itself.  The  adaptive  process  therefore  estimates  the  signal  component  in 
the  look  direction  and  hence  adaptive  weights  can  be  viewed  in  a  role  similar  to 
the  non-adaptive  steering  vectors  used  to  transform  space-time  data  to  the  angle- 
Doppler  domain. 

The  JDL  algorithm  begins  with  a  transformation  of  the  data  from  the  space- 
time  domain  to  the  angle-Doppler  domain.  This  is  followed  by  statistical  adaptive 
processing  within  a  LPR  in  the  angle-Doppler  domain.  The  hybrid  approach  uses 
the  D^  weights,  replacing  the  non-adaptive  steering  vectors.  By  choosing  the  set 
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of  look  angles  and  Dopplers  to  form  a  LPR,  the  weights  perform  a  function 
analogous  to  the  non-adaptive  transform.  As  shown  in  Figure  8,  the  dgorithm 
serves  as  a  first  stage  adaptive  transformation  from  the  space-time  to  the  angle- 
Doppler  domain. 
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Figure  8:  Block  diagram  of  the  Two-Stage  Hybrid  Algorithm. 


JDL  statistical  processing  in  the  angle-Doppler  domain  forms  the  second 
stage  of  adaptive  filtering  to  reject  residual  correlated  interference.  The 
algorithm  is  used  repeatedly  in  T/a  look  angles  and  r}^  look  Doppler  frequencies  to 
form  a  LPR.  The  space-time  data  is  transformed  to  the  angle-Doppler  domain 
using  these  adaptive  weights.  Using  the  D^  weights,  the  transformation  in  Section 
2.1  is  now  given  by  a  A/A^x9  transformation  matrix 

w(^o’/o)  (13) 

w(<^l./-l)  w(^i»/o) 
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The  same  transformation  matrix  T  is  used  to  transform  the  primary  and  the 
secondary  data  to  the  angle-Doppler  domain.  Furthermore,  the  steering  vector  s  is 
also  transformed  to  the  angle-Doppler  domain  using  this  transformation.  Unlike 
the  JDL  algorithm,  this  transformation  matrix  changes  from  test  cell  to  test  cell. 
The  hybrid  algorithm  therefore  has  a  significantly  higher  computation  load  than 
the  JDL  algorithm,  but  is  applied  only  to  non-homogeneous  test  cells. 

3.1.2  Example  1:  Simulated  Data 

This  first  example  uses  the  same  data  as  presented  in  Section  2.4.1  to 
illustrate  the  performance  of  the  D^  method.  There  it  was  shown  that  the  D^ 
algorithm  can  suppress  a  discrete  interference  source,  but  does  not  perform  well 
against  distributed  interference  such  as  white  noise  jamming  and  clutter.  This 
example  illustrates  the  performance  of  the  hybrid  algorithm,  and  uses  3  angle  bins 
and  3  Doppler  bins,  i.e.  3x3  LPR.  The  parameter  /cis  chosen  to  be 

Figure  9  plots  the  spatial  patterns  associated  with  the  three  beams  used  to 
form  an  LPR  in  the  angle-Doppler  domain.  Note  that  the  three  beams  are 
separated  by  6.5°.  All  three  patterns  show  a  null  in  the  direction  of  the  discrete 
interferer  at  angle  -51°,  and  illustrates  the  benefits  of  using  the  D^  algorithm  to 
transform  into  the  angle-Doppler  domain. 


Figure  9:  Three  D^  spatial  beams  used  to  form  an  LPR. 
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Figure  10:  Hybrid  Algorithm  Patterns  at  Target  Azimuth  and  Doppler. 

Figure  10  plots  the  antenna  beam  patterns  resulting  from  application  of  the 
hybrid  algorithm.  This  figure  shows  that  the  hybrid  algorithm  combines  the 
advantages  of  both  statistical  and  non-statistical  adaptive  processing.  The  adapted 
angle  pattern  shows  deep  nulls  at  -21°,  45°,  and  -51°,  the  directions  of  the  two 
jammers  and  the  discrete  interferer.  Furthermore,  the  adapted  Doppler  pattern  has 
a  deep  null  at  £o=0  resulting  in  effective  nulling  of  the  main  beam  clutter.  The 
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hybrid  algorithm  therefore  suppresses  correlated  interference  such  as  clutter  and 
jamming,  as  well  as  a  discrete  in  the  primary  data. 


3.1.3  Applying  the  Hybrid  Algorithm  to  Measured  Data 


This  section  presents  analysis  of  MCARM  data  using  the  hybrid  algorithm. 
This  example  use  acquisition  575  on  flight  5  to  illustrate  the  suppression  of 
discrete  interference  in  measured  data.  Before  the  hybrid  algorithm  can  be  applied 
to  MCARM  data,  array  effects  must  be  accounted  for.  The  method  presented 
in  Section  2.4  is  for  an  equispaced,  linear  array  of  point  sensors.  This  allowed  for 
the  assumption  of  no  mutual  coupling  between  the  elements  and  that,  for  each 
pulse,  the  target  signal  advances  from  one  element  to  the  next  by  a  constant 
spatial  multiplicative  factor  Zs.  This,  in  turn,  allowed  for  the  crucial  assumption  of 
the  elimination  of  the  target  signal  in  entries  of  the  interference  matrix. 

The  MCARM  antenna  is  an  array  of  22  elements  arranged  in  a  rectangular 
2x11  grid.  For  a  rectangular  array  these  assumptions  are  invalid.  Furthermore, 
as  shown  in  Section  2.2,  a  real  array  is  affected  by  mutual  coupling  and  the  spatial 
steering  vector  must  be  measured.  Figure  3  presents  the  measured  steering  vectors 
provided  with  the  MCARM  database.  We  compensate  for  mutual  coupling  using 
these  measured  steering  vectors.  In  the  absence  of  mutual  coupling,  the  spatial 
steering  vector  at  broadside  =  0)  is  given  by  n{(j)t  =  0)  =  [1  1...1  1]^. 
Compensation  is  achieved  by  an  entry-by-entry  division  of  the  received  voltages 
at  the  element  level  with  the  measured  spatial  steering  vector  entry  corresponding 
to  that  look  direction. 

3.1.4  Example  2:  MCARM  Data  Analysis 


In  this  example,  a  discrete  non-homogeneity  is  introduced  into  the  data  by 
adding  a  synthetic  signal  to  a  single  range  ring,  but  not  in  the  main  beam.  Two 
cases  are  considered;  no  injected  target  and  a  weak  injected  target.  The  first  case 
illustrates  the  suppression  of  a  discrete  non-homogeneity.  In  the  second  case,  a 
weak  mainlobe  test  target  is  injected  at  the  same  range  as  the  non-homogeneity  in 
the  sidelobe.  This  case  illustrates  the  ability  of  the  hybrid  algorithm  to  detect 
weak  targets  in  the  presence  of  strong  discretes.  The  same  data  used  earlier  to 
illustrate  the  performance  of  the  JDL  algorithm  is  analyzed.  In  this  case,  only  22 
of  the  128  pulses  in  the  CPI  are  used,  i.e.  N=M=22.  The  value  of  the  emphasis 
parameter  is  Ar=  (NM)  .  The  details  of  the  injected  non-homogeneity  and  weak 
target  are  shown  in  Table  2. 
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Table  2:  Parameters  for  the  injected  non-homogeneity  and  test  target. 


Parameter 

Non-homogeneity 

Test  Target 

Amplitude 

0.0241 

0.000241 

Angle  bin 

35 

65  (broadside) 

Doppler  bin 

-3 

-2 

Range  bin 

290 

290 

Range  Cell 


Figure  1 1 :  Performance  of  the  Hybrid  algorithm  in  countering  non¬ 
homogeneities:  (a)  No  target  (b),  With  target. 
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The  hybrid  algorithm  is  applied  to  data  from  the  range  bin  under  test  and 
surrounding  cells.  The  MSMI  test  statistic  is  plotted  as  a  function  of  range.  In 
this  example,  five  Doppler  bins  and  five  angle  bins  form  the  LPR  for  both  the 
JDL  algorithm  and  the  hybrid  algorithm.  One  hundred  secondary  data  vectors  are 
used  to  estimate  the  25x25  covariance  matrix. 

For  the  case  with  no  main  beam  target,  Figure  11a  compares  the  output  from 
the  JDL  algorithm  with  the  output  of  the  hybrid  algorithm.  As  illustrated,  the  JDL 
algorithm  detects  the  presence  of  a  large  target  in  the  main  beam  (angle  bin  65). 
This  is  because  the  non-homogeneity  (at  angle  bin  35,  Doppler  bin  -3)  is  not 
suppressed  by  the  JDL  algorithm,  thus  leading  to  a  false  alarm.  However,  the 
hybrid  algorithm  detects  no  broadside  target.  The  non-homogeneity  is  suppressed 
in  the  D^  stage  of  processing  and  residual  clutter  is  suppressed  by  JDL  algorithm. 
A  synthetic  target  injected  in  the  main  beam  illustrates  the  sensitivity  of  the 
hybrid  algorithm.  The  parameters  of  the  test  target  are  listed  in  Table  2.  Figure 
1  lb  compares  the  output  of  the  two  algorithms.  The  JDL  algorithm  again  shows 
the  presence  of  a  strong  target  in  the  look  direction.  However  from  Figure  1  la,  we 
know  that  the  magnitude  of  the  test  statistic  is  altered  by  presence  of  the  non¬ 
homogeneity.  For  the  hybrid  algorithm,  the  test  statistic  at  the  target  range  bin  is 
only  6.9  dB  above  the  next  highest  peak,  demonstrating  that  the  hybrid  algorithm 
may  be  use  to  detect  a  weak  targets  in  the  presence  of  discrete  non-homogeneities 
within  a  range  ring  of  interest. 

4.0  Conclusions  and  Future  Work 


This  paper  presented  the  hybrid  algorithm,  developed  specifically  to  process 
non-homogeneous  test  data.  Statistical  algorithms  cannot  suppress  discrete  non¬ 
homogeneities  because  the  secondary  data  contains  no  information  regarding  such 
interference.  The  D^  method,  presented  above,  can  suppress  such  discrete 
interference.  However,  performance  of  the  D^  algorithm  in  homogeneous 
interference  is  inferior  to  classical  STAP  algorithms.  The  two-stage  hybrid 
algorithm  alleviates  this  drawback  by  implementing  a  second  stage  of  statistical 
processing  after  using  the  D^  algorithm  as  an  adaptive  transform  to  the  angle- 
Doppler  domain.  This  algorithm  combines  the  advantages  of  both  statistical  and 
non-statistical  methods.  The  D^  method  is  particularly  effective  at  countering 
non-homogeneous  discrete  interference.  The  JDL  algorithm  then  improves  upon 
the  suppression  of  residual  correlated  interference. 

The  current  focus  of  our  research  is  on  applications  of  the  hybrid  algorithm  to 
non-standard  arrays  including  circular  phased  arrays  and  sparse  arrays,  of 
potentially  dissimilar  antennas.  Our  ultimate  goal  is  the  generalization  of 
multidimensional  adaptive  processing  resulting  in  advanced  portable  algorithms 
applicable  to  a  wide  range  of  fielded  sensor  systems. 
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Abstract:  Traditional  signal  detection  algorithms  assume 

homogeneous  covariance  matrix  for  all  the  secondary  data.  We  deal 
with  the  nonhomogeneity  via  a  partitioning  procedure,  which  screens 
out  dissimilar  secondary  data  prior  to  any  detection.  The  partitioning 
statistic  and  its  distribution  will  be  used  to  derive  P(CP),  the 
probability  of  a  correct  partition.  The  procedure  parameters  can  be 
found  from  P(CP)  and  be  used  to  perform  simulation  studies  and  for 
data  analysis.  Simulation  results  and  numerical  analysis  using  the  US 
Air  Force  Multi-Channel  Airborne  Radar  Measurement  data 
collected  by  Westinghouse  (now  Northrop  Grumman)  will  be 
presented  to  illustrate  our  theory. 

1.  Introduction 

In  signal  detection,  one  is  interested  in  the  problem  of  detection  of  a  given 
radar  signal  s  which  is  a  complex  vector  in  the  presence  of  noise  in 
transmission.  The  actual  observed  data  Y  may  be  a  pure  noise  vector  ^  or 
the  signal  s  plus  a  noise  vector  It  is  assumed  that  the  noise  follows  a 
complex  multivariate  normal  distribution  with  mean  0  and  covariance 
matrix  £.  Statistically,  the  model  can  be  described  as  7  =  5  +  ^  where  s  is 
a  specific  signal  and  «  is  a  noise  random  vector.  The  goal  is  to  test  the  null 
hypothesis  that  Y  =  versus  the  alternative  hypothesis  that  Y  =  s  +  ^.  [1] 
Reed,  Mallett  and  Brennan  (1974)  discussed  an  adaptive  procedure  for  the 
above  detection  problem  in  which  two  sets  of  input  data  are  used,  which 
are  called  the  primary  and  secondary  data.  A  radar  receives  primary  data 
which  may  or  may  not  contain  a  signal,  and  secondary  data  which  are 
assumed  to  contain  only  noise,  independent  of  and  statistically  identical  to 
the  noise  components  of  the  primary  data.  The  goal  is  to  test 
Ho  .■M  =  OversusH^  ;//  =  ^  where  ^  is  the  population  mean  of  .  [2]  Kelly 
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(1986)  used  the  likelihood  ratio  principle  to  derive  a  test  statistic  for  the 
above  hypothesis  testing  problem. 

[3]  Chen  and  Wicks  (1999)  proposed  a  selection  procedure  which 
compares  the  covariance  matrices  of  the  secondary  data  with  that  of  the 
primary  data.  It  is  used  to  identify  and  eliminate  those  observations  that 
have  different  covariance  structure  from  the  secondary  data.  As  described 
in  [3]  Chen  and  Wicks  (1999),  this  procedure  can  be  applied  prior  to  the 
step  of  estimating  the  covariance  matrix  of  the  secondary  data  in  [1]  Kelly 
(1986). 

2.  The  Selection  Procedure 


Let  Yq  ~  CN  (nX)  denote  the  primary  data  which  is  received  by  a  receiver 

and  is  to  be  tested  for  a  specific  signal  s  where  s  ia  a  known  vector.  Let 
7]  y  ~  CNp(0  s;  ^Le  secondary  data  which  is  to  be  used  to 

estimate  the  imknown  covariance  matrix  2-  The  random  vector  is 
independent  of  the  secondary  data.  Let  S  denote  n  times  the  sample 
covariance  matrix  of  the  secondary  data  sample  Yi,Y2, ■■■¥„' 
test 


(2.1)  Hq:h  =  Q  versus  Hi:n  =  s- 

Kelly’s  likelihood  ratio  test  statistic  for  (2.1)  can  be  written  as 


(2.2) 


The  null  hypothesis  is  rejected  for  large  observed  jj.  It  was  shown  in  Kelly 
(1986)  that  under  Beta(\.n-p  +  \)^  a  Beta  distribution  with 

parameters  1  and  n  -p  +  -1. 


Following  Reed,  Mallett,  and  Brennan  (1974)’s  structure  of  radar  data, 
Kelly’s  test  also  assumes  an  i.  i.  d.  sample  yj,y2,..,y^  for  the  secondary  data 
and  an  independently  distributed  primary  data  y^.  Let 
represent  k p-variate  complex  normal  populations  cN p( PiXi)’  ^  •••> 

k,  and  let  be  a  control  />-variate  complex  normal 

population  ov  Those  k  populations  are  the  resources  of  the  k 

cells  which  may  or  may  not  have  the  same  or  similar  covariance  structures 
as  the  control  population  7^^  from  which  the  secondary  data  are  taken. 
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Here  “similarity”  is  defined  in  (2.3)  and  (2.4)  and  the  paragraph  after  (2.4) 
later  in  this  section.  Thus,  from  each  of  the  k  experimental  populations, 
only  one  observation  is  taken,  and  from  the  control  population,  n 
observations  are  taken.  We  assume  that  0,  /  =  0,  1,  2, ...,  A:  since  the  k 
experimental  populations  are  the  cells  which  are  assumed  to  have  zero 
mean.  Let  ^  A, 2  ^  ••  s  ^  ®  denote  the  ordered  eigenvalues  of  • 

We  define  the  two  disjoint  and  exhaustive  subsets,  and  of  the  set 
Q  =  j ,  by  using  a  pair  of  distance  functions  dj  and  d^  defined 

as  follows: 

(2.3)  d^(Y.i,ZQ)=  4, ;  ^  \p 

(2-4)  ^g={,ti\52<d2CZi,l.Q)or  d^(i:i,Y.(^)<5l  },aG=a-np, 

where  are  pre-assigned  positive  real  numbers  which  are  used  to 

define  similar  and  dissimilar  populations.  A  population  is  considered 
similar  to  a  control  population  when  the  distance  measures  are  close  to 
unity.  Our  goal  is  to  separate  the  populations  obtained  from  the  guard  cells 
into  two  disjoint  subsets,  Sq  andSg  ■  The  separation  is  correct  if  5^  c  Qg  > 
meaning  that  all  populations  included  in  selected  subset  have  similar 
covariance  structure  as  the  control  population.  We  require  a  procedure  R 
that  will  satisfy  the  probability  requirement  that  Pr(the  seperation  is 
correctl  R)  =  Pr(CSl  R)  >  P*,  where  P*  satisfies  2-’^  <  P*  <  1 . 

The  procedure  R  defined  in  Chen  and  Wicks  (1999)  is  as  follows. 
Procedure  R:  For  each  population  (  /  =  1,  2,  ...,  k),  we  first  compute 

^  where  the  data  vectors  from  experimental  cells, 

;(.^.^is  the  conjugate  transpose  of  xp  ^nd  5  is  the  sample  covariance 
matrix  associated  with  population  Then  we  partition  the  set  of 
populations  a  =  {7r^,K2.-.7c,,}  two  subsets  ScandSe-  The  subset 

consists  of  those  populations  with  c<Ti<d  where  c  and  d  are  chosen 
such  that  the  probability  requirement  P(CS)  >  P*  is  satisfied  and  5^  =  Q  - 

To  implement  the  procedure  with  a  pre-determined  probability 
requirement  P*,  Chen  and  Wicks  (1999)  have  shown  that  constants  c  and 
d  have  to  satisfy  the  following  integral  equation: 

(2.5) fliin P(CS)=  V{Ti<c,  i  —  \  jfi;Tj>d,  j=rn+\....,k) 

Q  0<m<k 
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>  min  {l-mPin  >c)-(^-^W(Ti  <d)} 

0<m<k 

0<m<k  p  5\ 

P  02 

where  p  is  the  distribution  function  of  an  F  distribution  with  2p 

^2p,2(n-p+\) 

and  2(n-p+l)  degrees  of  freedom.  We  also  define  and  _o. 

3.  Simulation  Study  and  An  Example 

Example:  Five  test  (or  guard)  cells  are  to  be  examined  and  to  be 
compared  with  a  sample  of  secondary  cells.  Each  cell  is  represented  by 

a  20  X  1  random  vector  Xj  ^  multivariate  complex  normal 

distribution  with  mean  0  and  covariance  matrix  ■  The  covariance  matrix 
of  the  secondary  cells  is  denoted  by  •  The  five  test  cells  come  from 
normal  populations  with  covariance  matrices  j,.  such  that 

=  diag  (2.8,  6.7,  .06,  .05,  .08,  .07,  .06,  .05,  1.68,  .09, 1 1.7,  9.6,  .05, 
.08,  .07,  .06,  .05,  .08,  .07,  .06); 

^‘iiagCl,  .1, ...,  .1); 

ZaSo*  =  diag  (1.2,  2.5,  3.1,  .8,  2.3,  5.4,  3,  2.9,  6.1,  3.3,  5.3,  .5,  .9,  7.3,  1.7, 
5.5,  2.3,  3.1,  6.4,  5.5); 

S4So‘  r5So''^diag(10, 10, ...,  10). 

Suppose  we  want  to  eliminate  the  test  cell  if  either  the  largest 
eigenvalue  of  smaller  than  or  equal  to  g*  =  .1  or  the  smallest 

eigenvalue  of  is  larger  than  or  equal  to  g*  =10.  Then  by  choosing  c 
=  .2  and  d  =  5,  we  find  from  a  computing  algorithm  for  (2.5),  for  the  case 
k  =  5,  p  =  20,  g*/c  -  V2,  and  g*/d  =  2,  that  the  required  sample  size  is  n  = 
39  for  the  secondary  data  to  achieve  P*  =  .90.  We  simulated  100  trials  of 
( I  =  1,  ...,  5)  and  S  from  the  multivariate  complex  normal  populations 
with  mean  0  and  with  respective  covariance  matrices  satisf3dng  the  above 
conditions.  Then  for  each  trial,  we  calculate  the  test  statistic 
Tj  =  xf^ S'^Xi  /  n  •  The  results  are  plotted  in  Figure  1  at  the  end  of  the  paper. 

From  the  definition  of  Procedure  R  given  in  Section  2,  Cell  is  retained 
if  .2  <  f.  <5.  It  is  clear  from  the  figure  that  Cell  4  is  always  retained.  Cell 


2  and  Cell  5  are  always  eliminated.  Cell  1  and  Cell  3  are  retained  most  of 
the  times.  Notice  that  Cell  4  is  a  perfect  cell  while  Cell  1  and  Cell  3  are 
both  considered  good  cells. 


Fig  1: 100  trials  of  T  for  5  test  cells  x  and  a  sample  covariance  S  from  n=39  secondary  cells 


In  our  next  simulation  illustrations,  we  show,  in  Figures  2  to  Figure  5,  the 
probability  of  the  false  alarm  (P(FA))  and  the  probability  of  the  detection 
(P(D))  when  Kelly  ’s  adaptive  detection  algorithm  is  applied  to  three 
different  data  sets.  The  first  data  set  is  the  perfect  data  set  where  all  the 
observations  in  the  secondary  data  are  simulated  from  the  same 
multivariate  complex  normal  distribution  as  the  primary  data.  The  second 
data  set  is  the  contaminated  data  set  where  the  secondary  data  includes 
some  observations  that  were  obtained  from  simulation  of  various 
multivariate  complex  normal  distributions  whose  covariance  matrices  are 
significantly  different  from  the  covariance  matrix  of  the  primary  data.  The 
third  data  set  is  the  screened  data  set  which  consists  of  those  observations 
that  were  originally  in  the  contaminated  data  set  and  were  retained  in  the 
secondary  data  after  our  procedure  R  has  been  applied.  We  consider  the 
following  cases:  n,  the  sample  size  of  the  secondary  data,  =  25,  . . .,  50;  p  = 

20;  and  s  =  (.5, . 5)*  and  (1, ...,  1)  *.  The  level  of  significance  is  set  at 

.05  for  all  the  cases  considered.  In  Figures  2-5,  the  ‘o”s  are  for  the 
contaminated  data  set.  The  ‘x’s  are  for  the  perfect  data  set,  and  the  ‘+”s 
are  for  the  screened  data  set.  It  is  clear  from  the  illustrations  that  Kelly’s 
algorithm  does  not  provide  a  constant  false  alarm  rate  (CFAR)  for  the 
contaminated  data  set  and  it  always  gives  CPAR  for  the  perfect  data  set  and 
screened  data  set. 
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P(FA)  P{FA) 


P(FA)  Of  kellys  procedure  at  s*=(.5 .5 ...),  p=20  P(D)  of  kellys  procedure  at  s*=(.5 .5 ...),  p=20 


n,  sample  size  of  the  secondaty  data  n,  sartiple  size  of  the  secondary  data 


P{FA)  of  keilys  procedure  at  s*=(1 1 .. .).  fF20  P(D)  of  kellys  procedure  at  s*=(1 1 ... ),  P=20 


n,  sample  size  of  the  secondary  data  n.  sampfe  size  of  the  secondary  data 


‘o’:  the  contaminated  data  set;  ‘x’:  the  perfect  data  set;  ‘+’:  the  screened 
data  set. 


4.  References 

[1]  Reed,  I.  S.,  Mallett,  J.  D.,  and  Brennan,  L.  E.  (1974)  Rapid 
Convergence  In  Adaptive  Arrays,  IEEE  Transactions  on  Aerospace  & 
Electronic  Systems,  vol.  10,  #6,  853-863. 

[2]  Kelly,  E.  J.  (1986).  An  Adaptive  Detection  Algorithm  IEEE 
Transactions  on  Aerospace  &  Electronic  Systems,  vol.  22,  #1,  115-127. 

[3]  Chen,  P.  and  Wicks,  M.  C.  (1999)  Identifying  Non-homogenous 
Multivariate  Normal  Observations.  Technical  Report.  Submitted  for 
publication. 


28 


Efficient  Architectures  for  Implementing 
Adaptive  Algorithms 


David  C.  Ricks  and  J.  Scott  Goldstein 
Science  Applications  International  Corporation 
4001  Fairfax  Drive,  Suite  675 
Arlington,  VA  22203 


Abstract 

Recently  the  Multistage  Wiener  Filter  has  been  introduced  as  a  tool  for 
signal  detection,  estimation,  and  classification.  It  can  be  used  to  filter  a  block 
of  data  snapshots  to  extract  the  part  of  the  data  that  matches  a  steering 
vector  or  a  replica  vector.  It  is  a  minimum  mean  square  error  filter  that  can 
solve  for  the  Minimum  Variance  Distortionless  Response  (MVDR).  Here  we 
consider  the  numerical  efficiency  of  the  Multistage  Wiener  Filter  on  the 
MVDR  problem.  This  paper  introduces  a  new  implementation  of  the 
Multistage  Wiener  Filter  that  eliminates  the  need  for  blocking  matrices  or 
projection  matrices  in  the  numerical  calculations.  Compared  to  the 
traditional  MVDR  solution  based  on  the  inversion  of  a  covariance  matrix,  we 
find  the  Multistage  Wiener  Filter  now  offers  significantly  greater 
computational  efficiency,  as  well  as  other  advantages  such  as  hardware 
scalability. 


1.  Introduction 

This  paper  considers  the  computational  efficiency  of  a  problem  in  the  estimation 
of  Minimum  Mean  Square  Error  (MMSE).  In  particular,  we  consider  the 
computational  cost  of  filtering  a  data  set  to  obtain  the  Minimum  Variance 
Distortionless  Response  (MVDR)  [1]. 

Figure  1  motivates  the  problem  schematically.  We  want  to  filter  a  set  of  column 
data  vectors  x(k)  to  extract  the  part  of  the  data  that  matches  a  column  steering 
vector  s.  The  filtering  should  pass  the  part  of  the  data  that  matches  s  while  it 
suppresses  the  part  of  the  data  that  does  not  match  s. 


This  work  was  sponsored  by  the  Office  of  Naval  Research  under  contract  N00014-00-C-0068. 
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Fig.  1.  Schematic  diagram  of  the  data  to  be  processed,  where  x(^) 
is  a  single  column  data  vector  with  N  entries  or  elements.  The  total 
number  of  data  vectors  T  is  broken  into  blocks  of  K  vectors  per 
block.  We  want  to  extract  the  part  of  the  data  that  matches  a 
column  steering  vector  s. 


This  concept  has  a  broad  range  of  applications.  For  single-frequency  adaptive 
beamforming,  s  can  be  a  model  of  the  spatial  pattern  a  signal  can  trace  over  the 
array  (and  s  is  typically  complex).  For  wireless  communications,  s  can  be  the 
spreading  code  of  an  individual  user  in  CDMA  (and  s  is  typically  real).  For 
Space-Time  Adaptive  Processing  (STAP),  s  can  be  a  pattern  in  time  and  space 
(being  transformed  to  frequency  and  angle). 

The  traditional  solution  involves  the  calculation  of  a  data  covariance  matrix, 
followed  by  the  numerical  inversion  of  that  matrix  [1].  The  data  snapshots  are 
column  vectors  with  N  entries  or  elements  each,  so  the  covariance  matrix  is  N-hy- 
N.  Computationally,  the  matrix  inversion  involves  a  cost  of  0{N^)  [2]. 

As  an  alternative,  here  we  solve  the  MVDR  problem  with  the  Multistage  Wiener 
Filter  (MWF)  [3].  The  MWF  is  a  “subspace”  or  “reduced  rank”  technique.  As 
such,  it  might  be  compared  to  the  technique  of  Principal  Components  (PC)  that 
intends  to  approximate  the  solution  using  the  leading  eigenvalues  and 
eigenvectors  of  the  covariance  matrix.  However,  the  MWF  concentrates  on 
characterizing  the  most  significant  part  of  the  interference  (instead  of  trying  to 
characterize  the  most  energetic  part  of  all  the  data).  We  might  say  the  MWF  is 
“interference-centric”  (versus  “data-centric”). 

This  paper  reconsiders  the  MWF  solution  with  an  eye  toward  the  computational 
costs.  We  introduce  a  modification  to  the  algebra  and  the  architecture  that  will  be 
shown  below  in  Figure  2.  We  find  that,  in  some  situations,  the  computational  cost 
may  be  as  low  as  0(N).  Physically,  the  potential  for  this  efficiency  comes  from 
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the  “interference-centric”  view  expressed  in  a  suitable  “reduced  rank” 
formulation.  Numerically,  the  potential  for  this  efficiency  is  realized  by 
accounting  for  all  the  subspace  projections  in  the  fixed  perspective  of  the  original 
iV-dimensional  space. 


2.  Problem  Statement 

To  state  the  filtering  problem  mathematically,  let  \(k)  be  a  column  vector  of  data 
with  N  entries.  The  data  may  be  complex.  The  index  k  means  that  x(k)  is  one 
snapshot  in  a  block  of  snapshots,  where  1  <  k  <  ^.  Increasing  k  typically 
corresponds  to  increasing  time.  Let  the  block  of  snapshots  be  the  A^-by-^  matrix 


X  =  [x(l),x(2),-,xa),--,x(/s:)].  (1) 

We  want  to  filter  the  block  X  to  extract  the  part  of  the  data  that  best  matches  a 
steering  vector  or  a  replica  vector  s.  The  steering  vector  may  be  complex  (e.g., 
for  single-frequency  beamforming)  or  real  (e.g.,  for  a  spreading  code).  For  any  of 
these  cases,  we  make  the  steering  vector  dimensionless  with  unit  norm 

llsll=(s*^s)*^^  =1.  (2) 


To  formulate  the  filtering  mathematically,  a  simple  and  popular  approach  is 
MVDR  filtering  [1].  This  approach  multiplies  the  data  snapshots  onto  a  weight 
vector  w  that  minimizes  a  quadratic  cost  function,  subject  to  the  constraint  that  the 
weight  vector  should  pass  the  data  that  matches  a  replica  vector  s.  To  state  this 
mathematically,  all  averages  in  this  paper  will  be  averages  over  a  finite  block  of 
snapshots  (not  ensemble  averages) 


I  . 

k= 


(3) 


We  write  the  minimization  with  the  constraint  w 


H 


s  =  1 


as 
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(4) 


min  (  lw*^x(A:)P 


Now  we  will  solve  the  MVDR  problem  with  particular  attention  given  to  the 
computational  costs. 


3.  Traditional  Solution 

The  traditional  solution  to  the  MVDR  problem  formulates  the  solution  in  terms  of 
a  data  correlation  or  covariance  matrix 

R  =  {x{k)x^(k))j^^XX^/K.  (5) 


Using  R,  the  minimization  (4)  can  be  re-written  as 


min  (w^Rw).  (6) 

w^s=l 


The  traditional  solution  assumes  that  R  has  full  rank  (so  R  has  an  inverse),  and 
the  traditional  solution  of  (4)  or  (6)  is 


^Traditional  -  *s/(s*^R  ^s). 


(7) 


To  calculate  R,  evaluating  (5)  for  one  block  would  cost  0(N^K).  Calculating  the 
matrices  for  the  total  number  of  snapshots  T  would  cost  0{N^T).  To  calculate  R  \ 
the  matrix  inversion  for  one  block  would  cost  0(N^)  [2],  and  for  the  total  number 
of  snapshots  T,  the  inversions  would  cost  0(N^TIK).  To  multiply  s  onto  R“’  for 
each  block  would  cost  0{N\  and  for  the  total  number  of  snapshots  T,  it  would 
cost  0(N^T/K).  These  flop  counts  will  be  put  in  perspective  later  in  the  paper. 
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4.  Efficient  Solution 


Now  we  solve  the  MVDR  problem  with  the  Multistage  Wiener  Filter  (MWF)  [3]. 
Figure  2  shows  the  same  MWF  that  was  published  originally  [3],  except  that  here 
we  introduce  a  new  arrangement  of  the  algebra  and  the  architecture  that  will  give 
the  same  numerical  results  with  significantly  greater  computational  efficiency. 


V - ^ 

Hk)  =  -  h/  diik) 

ei_i{k)  =  di_iik)-Wi£i{k) 


Fig.  2.  The  Multistage  Wiener  Filter  re-arranged  into  the  ne\y 
efficient  form  introduced  in  this  paper.  The  architecture  is 
modular  and  scalable.  The  upper  chain  analyzes  the  data  (flowing 
from  left  to  right).  The  lower  chain  synthesizes  the  filter  weights 
and  the  filter  output  (flowing  from  right  to  left). 


The  processing  begins  with  some  non-adaptive  calculations.  First,  the  data 
vectors  are  projected  onto  the  steering  vector  to  form  an  initial  estimate  of  the 
desired  signal 


do{k)  =  s^x{k). 


(8) 


For  example,  dQ{k)  may  be  the  output  of  a  conventional  beamformer  or  a 
matched  filter.  Of  course,  the  trouble  is  that  dQ(k)  contains  interference  that 
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comes  into  the  sidelobes  of  s.  To  prepare  for  a  statistical  analysis  that  will 
identify  and  subtract  this  interference,  we  isolate  the  rest  of  the  data  by  writing 


XQ(k)  =  Bx(k), 


(9) 


where  B  is  a  “blocking  matrix”  that  projects  the  data  onto  the  nullspace  of  s. 

The  projection  operation  in  (9)  is  uniquely  defined.  However,  the  projection  can 
be  accounted  for  two  ways.  In  the  original  concept  [3],  the  blocking  matrix  was 
rectangular  to  account  for  the  result  being  an  A^-  1  dimensional  vector  (literally). 
The  other  possibility  is  to  use  the  square  blocking  matrix 


B  =  I-ss 


H 


(10) 


The  square  matrix  accounts  for  the  same  projection,  but  the  projection  is  viewed 
as  a  subtraction  in  the  fixed  perspective  of  the  original  A^-dimensional  space. 

The  choice  between  these  two  blocking  matrices  is  the  key  to  the  numerical 
efficiency  realized  in  paper.  By  choosing  the  square  blocking  matrix  in  (10),  we 
can  re-write  (9)  as 


XQ(k)  =  [l-ss^]x(k)  -  x(k)-sdQ{k) . 


(11) 


By  accounting  for  the  projection  with  the  subtraction  shown  in  (11),  the 
computational  cost  for  a  block  is  0(NK).  This  gives  us  a  significant  savings  over 
the  matrix  multiplication  shown  in  (9),  which  would  cost  0{N^K). 

Given  dQ(k)  and  XQ{k)  as  inputs,  the  processing  continues  with  a  recursion  of 
adaptive  stages.  The  index  i  identifies  the  adaptive  stage  number  (where  i  =  1  is 
the  first  adaptive  stage,  and  so  on).  To  support  stage  i,  we  calculate  the  snapshot- 
averaged  correlation  between  the  two  inputs  to  that  stage 
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(12) 


Stage  i  will  use  this  correlation  in  terms  of  its  magnitude  and  its  direction 


5/  =llr,-_ill=(r^!ir,_i)^^^,  (13) 

h;  =  r,_l/llr,_ill.  (14) 


To  find  the  projections  of  the  data  along  this  direction  and  orthogonal  to  this 
direction,  we  recall  the  numerical  efficiency  achieved  in  (11),  and  we  choose  to 
account  for  the  projection  as  a  subtraction 


diik)  =  hfxi_i{k). 

(15) 

Xiik)  =  [l-hih^]Xi_i{k)  =Xi_i(k)-hi  di(k) . 

(16) 

This  recursive  analysis  may  be  terminated  in  different  ways.  If  the  block  of  data 
X  has  full  rank,  then  the  projections  may  continue  until  all  the  data  is  projected 
onto  a  set  of  orthogonal  unit  vectors  [s, h2,h2,-",h;\^_]].  This  analysis  would 
use  N  -  I  stages  (because  s  accounted  for  one  direction  already).  Or,  if  the  block 
of  data  X  is  not  full  rank  (for  example,  if  we  intentionally  choose  K<N),  then  the 
rank  of  the  data  will  gracefully  “underflow”  in  the  analysis.  In  that  case,  Xj(^) 
would  contain  only  zeros  for  the  highest  stages.  Or,  the  filtering  may  be 
intentionally  truncated  to  some  smaller  number  of  stages  we  will  call  S  (where 
1  <  5  <  1).  Truncation  is  shown  graphically  in  Figure  2  with  the  “terminator” 

that  sets  £s(k)  =  ds(k). 

After  the  analysis  is  finished,  the  initialization  e^(k)  =  d^{k)  begins  the  synthesis 
along  the  lower  chain  of  Figure  2  from  right  to  left.  The  synthesis  is  recursive. 
For  each  adaptive  stage  i  (from  i  =  S  to  i=  1),  we  calculate 
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(17) 


Wi  =  5il^i,  (18) 

e,_l(^)  =  di_i(k)-Wi  £i(k).  (19) 


The  ultimate  result  is  the  scalar  output  Sgik). 

Finally,  we  offer  an  observation  to  help  compare  this  filter  to  other  filters  that  use 
weight  vectors  explicitly.  The  synthesis  of  eo(^)  written  as 


eo  (/:)  =  c?o  (*)  “  [^1  (*)  “  ^2  [^2  (^)  “  ^^3  [^3  (^) - HI 

=  Jo(^)“'^i  di(k)  +  WiW2  d2(k)  —  WiW2W2>  <^3(^)^ - • 


(20) 


Further,  when  the  orthogonal  vectors  [s,  hj,  h2, 113,  •••]  all  have  N  entries  (as  they 
do  in  this  paper),  the  dependence  on  x{k)  can  be  written  directly  as 


eo(^)  =  [s^-W|h|^+wiH’2h?“^l’^2^3h^  H — ]x(^).  (21) 


This  identifies  an  equivalent  weight  vector  for  the  Multistage  Wiener  Filter 


WwmF  =  S  —  VVih]  + 1^1^2112  -  WiW2W3h3  H . 


(22) 


We  may  not  implement  this  weight  vector  numerically  because  we  have  direct 
access  to  the  filter  output  eo(^)  shown  in  Figure  2. 
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5.  Numerical  Example 


To  show  a  numerical  example,  Figure  3  shows  a  simple  simulation  of  an 
underwater  acoustics  problem.  A  horizontal  line  array  with  A=  100  elements  is 
resolving  three  spatially  discrete  sources  of  sound  in  a  background  of  noise.  The 
discrete  sources  and  the  noise  are  all  computed  as  pseudorandom  complex 
Gaussian  variables  to  represent  the  contents  of  a  single  PTT  frequency  bin.  The 
data  snapshots  are  spaced  once  every  second.  The  units  in  the  figure  are  dB  re 
1  /xPa^/Hz  to  represent  the  units  of  a  frequency  bin  in  a  passive  sonar  problem 
(where  a  frequency  spectrum  integrates  to  give  a  variance  in  ^Pa  ).  At  the 
element  level,  the  ambient  acoustic  noise  level  is  65  dB  (re  1  )UPa^/Hz),  and  the 
ambient  noise  is  isotropic  to  simplify  this  demonstration.  The  frequency  bin 
being  processed  is  centered  on  a  frequency  that  is  one  third  of  the  maximum 
frequency  that  the  array  can  process  without  aliasing  in  space,  and  this  gives  the 
isotropic  ambient  noise  some  correlation  between  elements  [4].  Uncorrelated 
element  noise  is  also  modeled  with  an  effective  level  of  25  dB  (re  1  ^uPa  /Hz). 
The  three  spatially  discrete  sources  are  modeled  here  as  locally  plane  waves  with 
arrival  angles  of  0°,  30°,  and  60°  from  endfire  respectively.  Their  RMS 
amplitudes  at  the  element  level  are  85,  65,  and  75  dB  respectively  (re  1  /iPa^/Hz). 
The  beamforming  is  calculated  for  a  range  of  steering  angles  0<^<  180°  by 
increments  of  A<p  =  0.25°.  (This  very  fine  resolution  is  used  here  so  the  narrow 
peaks  will  register  their  peak  levels  properly  in  the  TIFF  graphic  output.)  The 
results  are  shown  for  a  single  block  of  =  200  snapshots  (covering  200  seconds). 
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dBrelMPa^/Hz  dBre1nPa^/Hz  dB  re  IjiPa^/Hz  dBre1^Pa^/Hz 


Figure  3(a)  shows  the  result  of  conventional  beamforming  (CBF)  as  a  reference 
for  the  amplitudes  and  the  angular  resolution.  For  CBF,  the  fixed  weight  vector 
here  is  simply  the  steering  vector  without  tapering  (wcbf  =  s).  To  calculate  the 
real  output  shown,  the  complex  snapshots  x{k)  are  multiplied  onto  the  weight 
vector  to  give  a  power-like  quantity  with  units  of  juPa^/Hz 


(23) 


The  cost  for  K  =  200  snapshots  is  0(NK)  for  each  steering  angle.  We  plot 
10  logio[PcBF/  (1  /tPa^/Hz)]  to  show  units  of  dB  re  1  ^Pa^/Hz. 

Figure  3(b)  shows  the  traditional  adaptive  solution  computed  by  the  matrix 
inversion  in  (7).  The  matrix  R  is  computed  for  the  entire  block  of  K  =  200 
snapshots  at  a  cost  of  0(N^K),  and  the  inversion  is  computed  at  a  cost  of  0(N^) 
[2].  For  each  steering  angle,  an  adaptive  weight  vector  WTraditionai  is  computed  for 
the  entire  block  by  (7),  then  the  snapshots  are  multiplied  onto  the  weight  vector  to 
calculate  a  power-like  quantity 

•traditional  ~  ^  ''^Traditional  ^ 


Figure  3(c)  shows  the  MWF  solution  computed  with  full  rank  {S  =  N-  1  stages), 
where  the  computational  cost  is  0{N^K)  for  each  steering  angle.  As  the  plot 
shows,  the  full-rank  MWF  recovers  the  traditional  solution.  We  could  calculate 
the  power-like  output  with  the  weight  vector  in  (22),  but  instead  we  calculate  it 
most  efficiently  from  the  scalar  output  eo(^) 


k)-\eo(k)\^. 


(25) 


Figure  3(d)  shows  the  MWF  solution  computed  with  reduced  rank  (5=3  stages), 
where  the  computational  cost  is  0(NKS)  for  each  steering  angle.  This  is  a 
remarkable  result.  The  super-resolution  of  adaptive  beamforming  is  achieved 
with  a  computational  cost  comparable  to  conventional  beamforming. 


39 


6.  Other  Benefits 


The  architecture  shown  in  Figure  2  has  other  benefits. 

One  benefit  is  that  the  computational  costs  of  the  MWF  are  insensitive  to  the 
choice  of  K  dividing  the  total  number  of  snapshots  T  into  smaller  blocks.  In 
contrast,  with  the  traditional  matrix  inversion,  choosing  smaller  K  would  cause 
the  cost  to  rise  because  there  would  be  more  matrices  to  invert. 

Another  benefit  is  a  robust  degradation  of  performance  when  the  data  has  bad 
channels  or  data  samples.  While  still  using  a  given  hardware  implementation  of 
Figure  2,  we  can  simply  pad  the  bad  channels  or  samples  with  zeros  and 
reprogram  the  steering  vector  s  to  have  zeros  there  and  have  unit  norm  (s”  s  =  1). 
The  zeros  will  flow  through  the  hardware  without  being  involved.  If  this  makes 
the  block  of  data  X  rank  deficient,  the  filter  will  handle  the  “underflow”  of  rank 
gracefully  if  we  simply  make  sure  that  the  denominators  in  w,  =  have  small 
non-zero  numerical  values  to  avoid  division  by  zero.  This  minor  fix  adds  no 
significant  computational  expense. 

This  graceful  “underflow”  of  rank  also  facilitates  the  processing  of  rank-deficient 
blocks  caused  by  intentionally  choosing  the  number  of  snapshots  K  to  be  less  than 
the  number  of  sensors  N.  In  such  cases  {K  <  N),  the  minimization  in  (4)  or  (6)  is 
indeterminate  (having  more  unknowns  in  w  than  equations  to  determine  them). 
This  allows  w  to  have  extra  degrees  of  freedom  that  do  not  affect  the  cost  function 
in  (4)  or  (6).  In  such  cases,  the  MWF  finds  the  minimum  norm  weight  vector 
min(llwll)  that  solves  the  MVDR  or  “least  squares”  problem  stated  in  (4)  and  (6). 


7.  Conclusions 

Remarkably  high  computational  efficiency  was  achieved  by  rearranging  the 
Multistage  Wiener  Filter  into  the  form  shown  in  Figure  2.  For  example,  in  the 
adaptive  beamforming  problem  shown  in  Figure  3,  the  super-resolution  of 
adaptive  beamforming  was  achieved  at  a  computational  cost  only  slightly  higher 
than  conventional  beamforming.  The  architecture  is  modular  and  scalable,  which 
makes  it  amenable  to  implementation  in  dedicated  hardware. 

We  find  some  lessons  learned.  One  lesson  is  that  reduced  rank  processing  can 
lead  to  computational  efficiency  when  the  reduced  rank  processing  is  the 
Multistage  Wiener  Filter.  Another  lesson  is  that  a  subspace  projection  may  be 


40 


formulated  as  a  multiplication  onto  a  projection  matrix,  but  the  efficient  numerical 
realization  of  a  projection  should  be  implemented  as  a  subtraction  in  the  fixed 
perspective  of  the  original  //-dimensional  space.  Maintaining  the  fixed 
perspective  minimizes  the  computational  requirements. 

Incidentally,  the  processing  in  this  paper  made  no  assumptions  of  stationarity  or 
Gaussianity  for  the  interference  being  suppressed.  The  only  such  assumptions 
were  made  for  convenience  in  the  generation  of  the  simulated  data  and  the  choice 
of  a  fixed  steering  vector  s.  All  of  the  equations  written  in  this  paper  describe  the 
minimization  of  the  quadratic  cost  function  for  the  blocks  of  data  shown  in 
Figure  1.  No  assumptions  were  made  about  the  world  outside  the  data  block  X. 
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Abstract — This  paper  describes  some  design  aspects  of  the  reflector  antenna 
system  for  the  High  altitude  MMIC  sounding  radiometer  (HAMSR)  on  a 
remotely  piloted  aircraft.  The  goal  of  HAMSR  project  is  to  design,  build,  and 
demonstrate  in  the  field,  a  miniaturized  microwave  atmospheric  sounder 
implemented  with  Monolithic  Microwave  Integrated  Circuit  (MMIC) 
receiver  modules  and  other  solid  state  components.  This  passive  microwave 
radiometer  operating  at  millimeter  wavelengths  will  make  temperature 
soundings  at  oxygen  emission  lines  at  53  and  118  GHz,  and  humidity 
sounding  at  water  vapor  emission  line  at  183  GHz.  In  this  paper  we  will 
outline  the  design  process  and  the  analytic  results  for  the  three  feed/reflector 
systems  at  the  above  three  frequencies. 

1 .  Introduction 

High  altitude  MMIC  sounding  radiometer  (HAMSR)  on  a  remotely  piloted 
aircraft  makes  a  radical  departure  in  design  from  previous  microwave  sounders 
resulting  in  reductions  in  mass  and  power  by  an  order  of  magnitude  and  reduction 
in  cost  by  a  significant  factor  from  the  current  state  of  the  art. 

The  goal  of  HAMSR  project  is  to  design,  build,  and  demonstrate  in  the  field  a 
miniaturized  microwave  atmospheric  sounder  implemented  with  Monolithic 
Microwave  Integrated  Circuit  (MMIC)  receiver  modules  and  other  solid  state 
components.  This  passive  microwave  radiometer  operating  at  millimeter 
wavelengths  will  make  temperature  soundings  at  oxygen  emission  lines  at  53  and 
1 1 8  GHz,  and  humidity  sounding  at  water  vapor  emission  line  at  1 83  GHz. 
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Previous  humidity  and  temperature  soundings  have  mainly  been  done  at  22.2  and 

54  GHz,  which  require  relatively  large  and  heavy  hardware.  The  instrument  is 
required  to  have  a  temperature  sounding  aecuracy  of  2  degrees  Kelvin  and  a 
humidity  sounding  accuracy  of  20%.  It  will  have  a  vertical  resolution  of  2  km  in 
the  troposphere  and  a  horizontal  resolution  of  2  km.  HAMSR  instrument  is 
intended  primarily  as  a  tropospheric  sounder  but  is  configurable  to  make  other 
types  of  measurements. 

This  project  will  demonstrate  the  maturity  of  the  MMIC  technology  and  the  mass, 
cost,  power,  and  cost  benefits  of  a  miniaturized  MMIC-based  sounding  system.  It 
will  verify  the  scientific  validity  and  effectiveness  of  temperature  soundings  at 
118  vs.  54  GHz  soundings.  In  addition,  it  will  demonstrate  the  operational 
capabilities  of  a  UAV-based  sounder. 

The  HAMSR  instrument  is  designed  to  be  flown  aboard  solar  powered  UAVs 
being  developed  under  the  NASA  Environmental  Research  Aircraft  and  Sensor 
Technology  (ERAST)  program. 

One  of  the  main  features  of  HAMSR  is  an  optics  module  composed  of  reflector 
antennas,  calibrators,  scanners,  and  diplexers,  which  can  be  easily  modified  to 
satisfy  speeific  spatial  sampling  and  coverage  requirements. 

In  this  paper  we  will  outline  the  design  process  and  the  analysis  results  for  the 
feed/reflector  systems  as  well  as  the  diplexer  or  dichroic  plate.  Fabrication  and 
test  results  for  the  various  components  of  the  system  will  be  presented  in  a  future 
paper. 

2.  Optical  Prescription 

As  shown  in  Figure  1,  three  offset-fed  parabolic  reflector  systems  are  designed  for 
operation  at  54,  118,  and  183  GHz.  They  are  arranged  in  the  following  way.  The 

55  GHz  reflector  takes  direct  input  radiation  from  Earth,  while  the  input  radiation 
is  directed  to  the  118  and  183  GHz  reflectors  via  a  flat  plate  reflector  and  a 
frequency  selective  surface  (FSS)  or  dichroic  plate.  The  RF  specifications  for  the 
antenna  systems  are  summarized  as  follows. 

Frequencies 

The  HAMSR  optics  system  will  operate  in  three  bands  centered  at  55  (49.4-56.9), 
118  (112.5-125.0)  and  183  (162.0-194.8)  GHz. 
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Beamwidth 


The  HPFW  beamwidth  will  be  5.7  degrees  ±  10%  at  all  frequencies. 

Polarization 

Polarization  shall  be  linear  and  in  the  scan  plan  of  the  antenna  system.  At  nadir 
pointing  the  polarization  of  all  three  beams  shall  be  in  the  same  direction. 

Cross-Polarization 

The  ratio  of  the  integrated  cross-polarized  power  within  the  14.3  degrees  (2.5  x 
HPFW  beamwidth)  to  the  co-polarized  power  shall  be  less  than  17  dB  for  all  three 
beams  at  the  nadir  pointing  position. 

Beam  Ejficiency 

The  integrated  main  beam  energy,  within  14.3  degree  from  beam  center,  shall  be 
greater  than  95%  of  the  total  integrated  energy. 

The  reflector  beam  patterns  must  have  very  low  sidelobes  (less  than  30  dB)  to 
obtain  the  required  high  beam  efficiency,  which  mandates  highly  tapered  reflector 
aperture  illumination  and  stringent  surface  accuracy  and  alignment  requirements. 
Corrugated  circular  feedhoms  are  used  to  receive  the  radiation. 

As  shown  in  Figure  1,  the  55  GHz  reflector  and  the  flat  plate  mirror  rotate  around 
a  single  axis  of  revolution  in  order  to  provide  the  nadir  coverage  in  +!-  55°  range. 
In  each  revolution  the  reflectors  will  be  exposed  to  hot  and  cold  targets  for  the 
purpose  of  calibration.  A  three  dimensional  overall  view  of  the  optical  bench  and 
a  more  close-up  view  of  the  reflectors  and  the  hot  and  cold  targets,  as  generated 
by  the  Mechanical  Desktop,  are  shown  in  Figures  2  and  3. 


3.  Design  Procedure 

Full  wave  mode-matching  technique  is  used  to  analyze  and  design  the  feed  horns, 
while  the  reflector  analysis  and  design  is  based  on  the  physical  optics  theory. 

The  analysis  of  the  oblique  incidence  on  the  dichroic  plate  is  based  on  method  of 
moments  with  floquet  harmonics  expansion  in  the  free  space  and  waveguide 
modal  expansion  in  the  aperture  and  interface  matching. 
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The  analysis  of  the  oblique  incidence  on  the  dichroic  plate  is  based  on  method  of 
moments  in  conjunction  with  Floquet  harmonics  theory.  Computer  programs  used 
in  the  analysis  are  based  on  the  codes  developed  at  JPL  for  the  analysis  of  the 
reflector  systems,  corrugated  horns,  waveguide  junctions,  and  frequency  selective 
surfaces  [1-3].  Also  utilized  were  the  modified  forms  of  codes  in  [4-6].  Additional 
programs  for  geometrical  layout  of  the  feed  horns  and  reflectors  and  plotting  of 
the  various  field  quantities  were  developed  in  MATLAB  language. 

4.  Theoretical  Analysis 
Feed  horns 

All  three  reflectors  use  circular  corrugated  horns  and  include  a  matching/transition 
section  from  circular  to  rectangular  waveguide.  Corrugated  feed  horns  were  used 
to  equalized  the  E  and  H  plane  field  patterns.  Approximate  length  and  dimensions 
of  the  feed  horns  including  the  distance  from  aperture  to  the  receiver  flange, 
which  comprises  the  horn  length  and  the  circular  /rectangular  transition  region, 
are  given  in  the  following  table.  For  brevity,  the  geometry  of  the  corrugations  are 
not  presented  in  this  paper,  but  will  be  presented  in  a  future  paper. 

Patterns  of  the  circular  corrugated  horns  are  produced  based  on  the  modal 
expansion  in  the  horn  and  are  presented  in  the  next  section. 

Table  1.  Geometrical  parameters  of  the  feed  horns 


Freq. 

Rectangular  guide 

Circular  guide 
Diameter 

Total  length 

55  GHz 

WR  19  (40-60  GHz) 

In:  0.188”  x  0.094” 
Out:0.268”x  0.174” 

0.22” 

5.6  mm 

17.3  mm 

35.7  mm 

118  GHz 

WR8  (90-140  GHz) 
In:  0.08”  x  0.04” 
Out:0.156”  diameter 

0.1” 

2.6  mm 

7.6  mm 

15.6  mm 

183  GHz 

WR  4  (170-260  GHz) 
In:  0.043”  X  0.215” 
Out:0.156”  diameter 

0.06” 

1.5  mm 

5.3  mm 

1 1 .4  mm 
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Reflectors 


The  reflector  pattema  are  obtained  using  the  calculated  near  field  patterns  of  the 
feed  horns.  Due  to  the  high  offset  in  the  55  and  183  GHz  reflector  systems,  the 
cross  pol  is  relatively  high  but  still  acceptable  (<  17  dB).  A  trade-off  was 
conducted  to  obtain  the  best  illumination  taper  and  corresponding  reflector  far 
field  patterns. 

An  optimized  set  of  parameters  and  corresponding  figures  are  presented  for  the  16 
dB  reflector  edge  taper  which  is  equalized  at  the  two  edges.  The  feed  aperture  has 
been  moved  toward  the  reflector  from  the  focal  point  in  order  to  make  the  patterns 
as  circularly  symmetric  as  possible.  Figures  4(a,b,c),  5(a,b,c),  and  6(a,b,c)  present 
the  geometry,  feed  pattern  and  reflector  far  field  patterns  at  the  55,  118,  and  183 
GHz  frequencies,  respectively. 

Dichroic  plate 

The  FSS  or  dichroic  plate  is  a  high  pass  filter  designed  to  transmit  the  183  GHz 
signal  while  reflecting  the  118  GHz  signal,  both  incident  at  22.5  degrees  from 
normal.  The  geometry  of  a  segment  of  the  plate  is  shown  in  Figure  7.  The 
computed  reflection  and  transmission  response  of  the  plate  is  given  in  Figure  8. 
This  is  a  design  very  sensitive  to  dimensional  tolerances,  which  must  be 
maintained  within  a  fraction  of  a  mil. 

5.  Conclusions  and  Future  Plans 

In  this  paper  we  have  presented  some  of  the  design  parameters  and  theoretical 
analysis  results  for  the  optics  of  the  HAMSR  radiometer.  All  the  components  of 
the  optics  have  been  fabricated  based  on  the  above  results  and  are  presently  under 
test. 
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Figure  1 .  Schematic  configuration  of  the  three  reflector  antenna  systems 


Figure  2.  A  Mechanical  Desktop  view  of  the  overall  system  optics 
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Figure  3.  A  Mechanical  Desktop  layout  of  the  reflector  antenna  components. 


Figure  4(a).  Reflector  geometry  for  55  GHz  operation 
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Corrugated  feed  patterns,  Freq.  (GH^:  55,  Diam.  (mm):  17.3,  Half-flare  angle  (deg):  12,  y-pol 


Figure  4(b).  55  GHz  Feed  pattern 


Reflector  antenna  patterns,  Freq.(GHz):  55,  Diam.(mm):  68,  y-pol 


Figure  4(c).  55  GHz  Reflector  pattern 
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Reflector  antenna  patterns,  Freq.(GHz):  118,  Diam.(mm):  32,  y-pol 


Figure  5(c).  118  GHz  Reflector  pattern 


1 83.31  GHz  reflector  antenna  geometry  for  HAMSR 


Figure  6(a).  Reflector  geometry  for  183  GHz  operation 


Corrugated  feed  patterns,  Freq.  (GHz):  183.31 ,  Diam.  (mm):  5.3,  Half-flare  angle  (deg):  12,  y-pol 


Figure  6(b).  183  GHz  Feed  pattern 


Reflector  antenna  patterns,  Freq.(GHz):  183.31,  Diam.(mm):  20.5,  y-pol 


Figure  6(c).  183  GHz  Reflector  pattern 
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Relative  Power  (dB) 


Figure  7.  Geometrical  configuration  of  a  sample  segment  of  the  dichroic 
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Figure  8.  Computed  transmission  &  reflection  characteristics  of  dichroic 


Transmitter/Receiver  Pulse-Driven  Antenna  Array  with  Near- 
Field  Beam-Forming  for  UWB  Subsurface  Imaging  Radar 
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Abstract’.  The  paper  is  devoted  to  design  of  impulse  or  equivalent  ultra-wide 
band  array  antenna  for  subsurface  radar  system.  Receiving  elements  of  this 
antenna  are  arranged  in  array  with  small  physical  aperture  and  polarimetric 
features.  Two  transmitting  element  support  two  polarization  states  for 
radiating  signals.  The  radar  antenna  provides  down-looking  scanning  in 
subsurface  medium  for  small  areas  covered  by  array  aperture  and  big  areas 
due  to  synthetic  aperture  processing  when  array  moves  in  2-D  plane  along 
scanning  lines.  Operation  in  proximity  to  a  rough  dielectric  interface  affects 
significantly  on  radar  operation.  This  and  other  factors  are  involved  in  array 
antenna  design  to  get  enough  3-D  spatial  scanning  with  the  maximum 
resolution  and  range  for  the  available  bandAvidth.  Results  of  such  array 
analysis,  numerical  simulation  and  experiments  are  presented  and  discussed. 


1.  Introduction 

Subsurface  radar  or  ground-penetrating  radar  (GPR)  technique  is  widely 
applied  as  a  powerful  technology  of  remote  sensing  and  microwave  imaging  in 
many  fields  of  science  and  engineering  [6,7].  Among  different  schemes  of 
building  of  GPR  systems  there  are  two  dominant  ones.  The  first  schema  is 
impulse  or  equivalent  ultra-wide  band  (UWB)  radar  that  operates  in  time-domain 
(TD).  The  second  one  involves  stepped  frequency  or  synthetic-pulse  GPR  and 
operates  in  frequency-domain  (FD).  The  both  radar  have  some  mutually  excepting 
benefits  and  drawbacks  as  well  as  different  design  approaches  to  radar  antennas 
[6],  Relative  simplicity  and  inexpensive  way  of  TD-GPR  implementation  are 
practically  preferable  for  some  applications.  Due  to  this  reason  the  UWB  array 
antenna  for  TD  schema  of  GPR  is  a  subject  of  the  presented  study. 

Principal  engineering  aspects  of  subsurface  radar  design  involve  mostly 
signal  processing  and  antennas  besides  other  topics  [6].  Signal  processing 
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opportunities  evolves  with  progress  in  computational  software/hardware  and 
digital  signal  processing.  At  the  same  time  antermas  designers  are  still  situated  in 
the  rigid  frame  of  physical  limitations.  The  last  are  caused  due  to  inherent  and 
inaccessible  features  of  impulse  antennas  loaded  by  the  subsurface  interface.  Such 
features  include  ringing,  impedance  mismatching  and  so  on.  They  cause 
degradation  of  radar  performances  and  GPR  antennas  are  more  critical  system 
component  than  in  air-operated  radar  [3].  Another  sufficient  peculiarities  of  GPR 
antenna  design  are  originated  from  necessity  to  employ  UWB  signals  for  good 
range  resolution  and  operation  in  the  near-field  range  of  radar  antenna  [7]. 

There  are  generally  two  viable  approaches  for  subsurface  radar  design. 
The  first  way,  a  designer  has  to  reduce  antenna  internal  reflections  and  other 
unwanted  phenomena  as  much  as  possible,  thereby  simplifying  signal-processing 
problem  for  radar.  The  second  way  that  realized  here  is  to  live  with  a  certain 
amount  of  antenna  internal  reflections  and  take  those  out  in  signal  processing  [6]. 
Therefore  some  optimal  combination  of  efforts  in  antenna  design  and  signal 
processing  technique  should  be  done  for  each  specific  system.  In  our  early 
attempts  [3]  we  explored  behavior  of  single  impulse  transmitting  (Tx)  and 
receiving  (Rx)  antennas  in  free  space  and  near  the  air-ground  interface.  The 
impulse  array  antenna  with  Rx  polarimetric  features  and  two  cross-polar  Tx 
channels  is  a  final  goal  of  array  design  project  described  in  this  work. 

The  presented  array  antenna  is  a  principal  component  of  UWB  subsurface 
down-looking  radar  for  non-destructive  testing  of  concrete  structural  elements. 
Such  GPR  should  be  installed  on  a  robotic  platform  with  remote  control  for 
operation  on  the  radioactive  polluted  territories  near  the  Chernobyl  destroyed 
nuclear  reactor,  Ukraine,  in  the  frame  of  the  big  project  that  is  in  progress  now. 
This  radar  should  be  employed  for  detection  in  thick  concrete  environment  the 
metallic  inclusions  and  non-uniform  internal  regions.  Other  missions  involve 
offset  3-D  image  formation  in  bistatic  2-D  geometry  with  small  base  as  well  as 
using  synthetic  aperture  radar  (SAR)  technique  for  big  survey  areas. 

The  reminder  of  this  paper  is  organized  in  the  following  order.  Section  2 
gives  a  glance  on  key  aspects  of  antenna  design  for  GPR.  Some  numerical  results 
with  approximated  TD  simulation  technique  are  reviewed  in  Section  3.  Design  of 
UWB  antennas  with  Rx  array  including  single  antenna  elements,  monostatic 
antenna  pair,  2-element  Rx  array  antenna  and  end-point  array  antenna  project  are 
discussed  in  Section  4.  In  Section  5  basic  algorithms  for  array  data  processing 
with  TD  near-range  beam-forming  for  physical  aperture,  synthetic  aperture  and 
polarimetric  techniques  are  considered.  Some  experimental  results  are  shown  in 
Section  6.  Final  conclusions  and  reference  list  are  at  the  end  of  this  paper. 
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2.  Basic  Principles  of  Impulse  Antenna  Design 

Let  consider  principal  aspects  of  antenna  design  affected  on  radar 
performances.  Firstly,  antenna  position  with  respect  to  sounding  medium  must  be 
specified.  There  are  three  possible  geometrical  arrangements  such  as  stand-on, 
stand-over  and  stand-off.  Figure  1 .  Stand-on  antenna  operation  for  GPR  system  is 
chosen  and  considered  here  because  in  this  case  down-looking  GPR  provides 
maximum  available  coverage  of  sounding  media.  This  feature  is  evident  from  the 
angular  spectrum  compression  shown  schematically  in  Figure  1.  This  effect  takes 
place  when  low  dielectric  half-space  is  sounding  from  higher  air-filled  medium 
due  to  evident  background  physics  of  the  Snell's  Law  [7].  In  this  case  refraction  at 
the  surface  tends  to  compress  the  angular  extent  of  the  wave  number  space  (k- 
space)  spectrum  into  a  nearly  plane  wave. 

At  the  same  time  in  down-looking  case  the  close  coupling  anteimas  to  the 
ground  produces  effects  that  are  not  of  concern  for  stand-off  applications.  These 
effects  of  stochastic  nature  include  rough  surface  disturbance  and  impedance 
mismatch  between  antennas  and  Rx/Tx  front-ends.  The  last  can  cause  up  to  -20 
dB  degradation  of  GPR  performance  factor  [3].  In  this  case  among  other  problems 
GPR  needs  in  a  wide  dynamic  range  receiver.  However  energy  transfer  through 
subsurface  interface  is  most  effective  for  stand-on  operation  when  radar  antennas 
are  laid  on  the  border  between  two  media,  i.e.  the  upper  air-filled  and  the  lower 
subsurface  interior.  Also  impact  of  electromagnetic  interference  (EMI)  signals  on 
radar  performances  with  stand-on  antennas  is  minimum.  The  final  argument  for 
choice  a  stand-on  antenna  schema  for  GPR  is  based  on  the  requirements  to  radar 
to  operate  in  some  space-limited  conditions  with  low-height  ceiling  etc. 


Figure  1 .  Basic  arrangement  of  radar  antenna  position  with  respect  to  sounding 
media:  stand-on,  stand-over  and  stand-off  or  quasi-plane  wave  operation. 
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The  most  fundamental  choice  in  GPR  design  is  a  center  frequency  and  a 
bandwidth  of  the  radar.  Low  frequencies  provide  deeper  penetration;  the  higher 
frequencies  give  better  range  resolution.  The  system  designer  should  successfully 
resolve  this  common  tradeoff  There  are  many  factors  governing  the  choice  of 
central  frequency  related  to  targets  to  be  detected  and  electrical  properties  of 
environment  where  radar  to  be  employed  like  attenuation  in  some  kind  of  soils 
etc.  [4].  Furthermore  even  for  high-resolution  subsurface  radar  a  low-frequency 
part  of  spectrum  is  important  too.  If  high-frequency  spectrum  provides  target 
shape  and  its  consistence  in  detail,  the  low-frequency  one  enables  target  detection 
[4].  Evidently  here  is  a  practical  limitation  of  low-frequency  performance  of  GPR 
antenna  determined  by  its  maximum  dimension.  Note  that  the  near-range  field  of 
pulse  antenna  contains  dominant  low-frequency  spectrum. 

Generally  range  resolution  of  the  radar  is  governed  by  the  used  bandwidth. 
We  will  show  later  that  the  designed  array  antenna  covers  0.2-0.9  GHz  band  at  - 
20  dB  reference  level,  which  is  an  optimal  one  for  detection  of  deep  and  shallow 
targets  in  concrete.  The  key  antenna  candidates  to  be  employed  in  the  designed 
array  are  shown  schematically  in  Figure  2  including  dipole,  bow-tie,  V-shape, 
TEM-horn,  exponential  horn  and  tapered  slot  antennas.  The  choice  among  those 
antennas  to  be  used  in  radar  is  based  on  the  following  main  criteria: 

1)  accessible  bandwidth  due  to  definite  geometry; 

2)  pattern  features  including  directivity  and  cross-polar  level; 

3)  efficiency  of  antenna  coupling  to  sounding  enviromnent; 

4)  loading  performances  to  be  terminated  to  Tx/Rx  front-end  devices; 

5)  implementation  feasibility  including  printed  circuit  technology; 

6)  effectiveness  of  distributive  resistive  loading  to  prevent  long  ringing  signals; 

7)  simplicity  of  introducing  of  antenna  shielding  for  interference  immunity. 

Actually  large  number  of  unknowns  from  environmental  conditions  to 
radar  parameters  exists  in  the  GPR  array  antenna  design.  Application  of  simulated 
data  gives  parametric  estimations  useful  for  array  design.  Some  numerical 
simulations  of  such  kind  based  on  computing  of  approximated  models  will  be 
demonstrated  in  the  next  section.  Due  to  complexity  of  overall  design  of  UWB 
array  antenna  with  pulse  excitation  we  introduce  here  some  heuristic 
consideration.  Thus  qualitative  comparison  of  anterma  types.  Figure  2,  with 
respect  to  formulated  above  criterion  is  presented  in  Table  1 .  It  is  mostly  based  on 
our  own  experience  as  well  as  known  literature  data  [3,6,7].  As  followed  from 
Table  1  the  bow-tie  antenna  is  more  preferable  for  Rx  mode  while  TEM  or 
exponential  horn  is  the  best  choice  for  powerful  Tx  devices  where  low  input 
impedance  is  needed.  For  low-power  Tx  anterma  bow-tie  configuration  is  also 
suitable.  For  some  Rx  cases  TEM  horn  and  tapered  slot  antenna  can  be  interesting. 
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Dipole 


Bow-tie 


Exponential  horn 


Tapered  slot 


Figure  2.  Basic  antenna  configurations  to  be  chosen  for  array  implementation. 


Table  1.  Comparison  of  antenna  types  for  application  in  UWB  GPR. 


Dipole 

bow-tie 

V-shape 

TEM 

horn 

Exponential 

horn 

Tapered 

slot 

Relative 

Bandwidth 

Low 

Middle 

low 

wide 

wide 

very'  wide 

Pattern 

Directivity 

low 

Low 

middle 

high 

high 

high 

Cross-polar 

Level 

middle 

high 

middle 

Middle 

low 

middle 

Coupling 

Factor 

low 

very  high 

low 

low 

low 

low 

Input 

Impedance 

high 

high 

middle 

high 

low 

low 

middle 

middle 

high 

Production 

Complexity 

high 

low 

high 

middle 

high 

low 

Resistive 

Loading 

difficult 

difficult 

difficult 

difficult 

difficult 

difficult 

Shielding 

Possibility 

easy 

easy 

difficult 

difficult 

difficult 

difficult 
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3. 


Antenna  Analysis  in  Time  Domain 


For  antenna  analysis  TD  waveform  transformations  and  equivalent  FD 
spectrum  presentation  are  considered.  Both  approaches  are  mathematically 
equivalent  to  be  connecting  through  the  Fourier  transform.  However  due  to  UWB 
signal  nature  and  transient  antenna  operation  the  TD  mathematical  modeling  is 
more  relevant  and  numerically  effective.  Also  experimental  TD  technique  gives 
broadband  information  for  test  environment  that  is  more  simple  than  using  the  FD 
measurement  in  an  anechroic  chamber  for  much  frequency  points  [3].  Finally  we 
will  consider  array  beam  forming  algorithm,  which  has  the  best  implementation  in 
TD  [12]  rather  than  common  FD  techniques  with  k-spectrum  presentation  [5]. 

Note  that  the  most  of  known  studies  present  transient  antennas  operated  in 
far-field  range  while  practically  sufficient  operation  range  of  subsurface  radar  is 
related  to  the  near-field  range.  There  are  some  principal  effects  to  be  carefully 
treated  for  antenna  and  especially  for  array  antenna  due  to  specific  features  of 
energy  distribution  in  space  and  time  [13]  that  are  different  from  those  presented 
in  literature  for  far-filed  range  operation.  In  many  studies  presented  in  literature 
rather  than  considering  the  signal  waveform  and  its  transformations,  analysis  and 
design  are  concentrated  around  the  expected  spectrum  of  the  return  signal  after  its 
propagation  to  the  target,  reflection,  and  propagation  back  to  the  radar  antenna. 
However  quality  of  imaging  technique  in  GPR  can  be  easy  estimated  by  using  TD 
waveforms,  i.e.  by  specification  how  long  in  time  its  late-time  histoty  of  radar 
response  or/and  how  predictable  is  waveform  transformation.  Thus  TD 
presentation  is  very  useful  and  informative  besides  traditional  FD  data. 

Ordinary  for  the  transient  electromagnetic  problems,  including  anteimas, 
numerical  approaches  like  FD  or  TD  method  of  moments  or  FDTD  are  applied. 
Besides  Carl  Baum  [2]  developed  analytical  approaches  with  the  Laplace 
transform  for  some  asymptotic  cases.  Generally  widely  used  numeric  studies  have 
principal  drawback  followed  from  sufficient  programming  and  computing  efforts. 
Finally  the  physical  meaning  of  the  most  numerical  solutions  is  not  enough 
evident  and  tedious  verification  is  required.  Therefore  we  developed  simple 
mathematical  models,  which  enable  numerical  simulations  with  universal 
mathematical  software  like  Maple,  Mathcad,  Matlab  etc.  The  result  of  such 
simulations  will  illustrate  the  major  points  of  our  study.  The  necessity  of  such 
consideration  follows  from  the  fact  that  TD  technique  in  UWB  antenna  thoery  did 
not  receive  yet  features  of  engineering  discipline. 

To  give  a  glance  on  the  principal  choices  made  in  array  design  we  illustrate 
some  fundamental  waveform  and  spectrum  transformations  for  signal  in  UWB 
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anteiinas  of  GPR.  Skipping  numerous  details  of  mathematical  modeling  and 
numerical  simulation,  which  require  special  consideration,  let  present  the 
fundamental  results  on  signal  transformations  in  pulse  driven  Tx  and  Rx  antennas 
like  those  in  Figures  3  and  4  respectively.  Bow-tie  antennas  are  under  treatment 
here.  They  are  center-excited  in  double  passing  mode  [3]  when  they  are  matched 
in  the  driven  point  only.  Note  that  for  Tx  and  Rx  antennas  the  specific  driven 
pulses  are  applied.  These  antennas  are  laid  on  air-dielectric  (e  =  5)  interface  and 
their  properties  are  studied  in  the  intermediate  range  where  the  effect  of  the  near- 
field  is  clear  visible  and  discussed  later. 

One  can  observe  in  Figures  3  and  4  typical  waveforms  of  driven  signals  in 
pulse  antennas  and  other  waveform  variations  versus  direction  of 
radiation/reception.  Basically  the  effect  of  the  near  field  resulted  in  broader 
spectrum  in  its  low-frequency  part.  If  the  distance  to  observation  point  decreases 
the  spectrum  is  broader  spread  to  lower  frequencies  and  DC  component  appears. 
The  changing  in  TD  waveforms  and  frequency  spectrum  transformations  is  also 
clear  visible  when  reflector  is  employed  in  both  Tx  and  Rx  antennas.  Basically  the 
reflector  shifts  slightly  spectrum  to  higher  frequencies.  Also  signal  in  anteima 
with  reflector  has  slightly  more  duration  and  amplitude  gain  up  to  6  dB.  As 
followed  from  Figures  3  and  4  such  antennas  demonstrate  dominant  broadside 
radiation  where  amplitude  of  signal  has  maximum  value  and  registered  waveform 
has  specific  shape  to  be  useful  for  its  discrimination.  At  the  same  time  the  antenna 
pattern  is  whde  spread  and  special  signal  processing  techniques  can  improve  it. 

Let  consider  finally  a  classical  wireless  channel  to  present  basic  peculiarities 
of  transieni  excitation.  For  far-field  range  system  formed  by  pair  of  center-fed, 
pulse-driven,  linear  dipole  elements  (one  terminated  to  transmitter  and  other  to 
receiver)  Zialkow'ski  [13]  introduced  the  equivalent  network  presentation  w'here 
main  teature  is  a  specific  number  of  time  derivatives  applied  to  input  w'aveform. 

So  tar  we  concentrated  on  the  near-field  range  effects  in  antenna  we  present 
transient  radio  channel  model  with  three  same  dipole  antennas  operating  in 
transmitting,  scattering  and  receiving  modes  without  any  limitations  concerning 
near  or  far  range,  antenna  type  and  its  excitation.  Such  generalized  system  is 
shown  in  Figure  4  and  can  be  simulated  with  mentioned  above  models.  Its  own 
transformation  operators  A  1, 2,3  characterize  each  antenna  in  Figure  4.  For 
example.  Figure  5  demonstrates  results  of  Mathcad  simulation  with  respect  to  the 
notations  in  Figure  4.  In  this  case  we  have  three  center-fed  dipole  antennas  with 
double  passing  excitation  and  the  effect  of  near-field  range  is  observable  in  these 
data. 
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Figure  5.  Network  presentation  of  signal  transformation  passed  consequently 
between  transmitting  -  scattering  -  receiving  center-fed  dipole  antennas. 


Figure  6.  Mathcad  simulated  waveform  transformation  with  the  near-field  effects 
for  the  system  in  Figure  5. 
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4. 


Antenna  Array  Design 


4.1  Single  antenna  element  design 

Waveform  and  bandwidth  having  been  chosen,  the  GPR  designer  must 
implement  an  antenna  commensurate  with  bandwidth.  As  stated  above  the  antenna 
design  becomes  particularly  critical  for  radar  operation  near  the  surface  of  the 
sounding  media.  In  this  case  some  preventing  measures  are  needed  to  minimize 
antenna  mismatching  and  ringing  effects.  Pure  antenna  matching  can  cause 
multiple  reflections  between  the  antenna  and  the  surface  (or  within  radar  itself), 
and  such  "ringing"  can  hide  target  returns.  Other  problems  caused  by  the 
proximity  of  Earth's  surface  are  distortion  of  the  antenna  pattern  and  near-field 
effects.  Both  make  it  more  difficult  to  predict  what  the  GPR  should  see  and  hence 
make  more  difficult  the  interpretation  of  results. 

One  of  the  ways  to  minimize  ringing  effect  in  antenna  is  implementation 
of  its  resistive  loading.  However  we  use  antenna  without  resistive  loading  rather 
antenna  with  double  passing  excitation  [3].  The  reasons  are  low  energy  efficiency 
and  technical  difficulty  to  put  in  practice  resistive  loading  for  big  size  antennas.  It 
is  easy  to  show  that  energy  efficiency  of  such  antenna  with  complete  suppression 
of  wave  reflected  from  opened  antenna  end  will  be  at  least  -20  dB  lower  than  in 
antenna  with  double  passing  of  exciting  pulse.  Also  we  do  not  use  here  impedance 
matching  technique  studied  before  [3]  due  to  its  complexity.  Of  course  for  such 
design  preference  we  have  additional  lobes  in  signal  and  its  stretching  in  time  but 
we  follow  here  our  general  design  strategy  to  make  simple  antenna  design  and 
improve  quality  of  radar  imaging  as  more  as  possible  by  signal  processing. 

Another  problem  to  be  treated  in  design  of  single  antenna  element  is 
minimization  EMI  effects  and  false  alarm  rate  due  to  scattering  in  upper  half¬ 
space.  One  of  the  approaches  is  based  on  introducing  adsorbing  materials  which 
fill  some  volume  above  antenna  to  adsorb  electromagnetic  energy  in  above  half¬ 
space.  But  this  method  being  complex  for  its  realization  does  not  give  practically 
valuable  results  as  followed  from  our  experience  and  some  published  data. 
Moreover  if  difference  between  electrical  properties  of  sounding  media  and 
adsorbent  material  increases  the  radar  performances  can  degrade  and  be  worse 
than  in  antenna  without  adsorbent  material.  The  more  preferable  way  is  using 
antenna  with  simple  reflector.  Whole  antenna  is  placed  in  metallic  box  with  one 
open  face  as  an  aperture.  Additionally  about  3dB  rise  of  antenna  directive  gain  is 
reached.  Note  some  changing  in  spectrum  take  place  also  as  followed  from  results 
of  simulation  in  Section  3. 
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Special  attention  should  be  paid  to  optimization  of  Tx/Rx  units  with 
respect  to  waveforms  in  them  or  equivalent  effective  spectrum.  All  discussed 
above  topics  and  chosen  design  preferences  have  initially  been  verified  with 
simple  antenna  design  including  monostatic  antenna  pair,  and  two  Rx  and  one  Tx 
channel  array  antenna.  The  last  one  is  described  at  the  next  section. 

The  monostatic  antenna  pair,  Figure  7,  includes  a  pair  of  the  same  bow-tie 
antennas  mounted  on  the  base  plane  and  directly  terminated  to  the  Tx/Rx  front- 
end  units.  Being  put  on  the  air-ground  interface  these  antennas  have  broadside 
radiation  features.  Really  their  pattern  is  disturbed  due  to  interface  influence.  Such 
antenna  layout  has  been  studied  before  [3]. 


Figure  7.  Design  of  monostatic  antenna  pair  with  terminated  to  Tx/Rx  front-ends 
bow-tie  antenna  elements. 

Transmitter  electronics  is  based  on  bipolar  transistor  switchers  with 
following  leading  edge  sharpening  by  step-recovery  diode  (SRD).  The  Tx  module 
is  built  with  two  identical  step  voltage  stages  either  terminated  with  Tx  antenna’s 
arms.  The  main  trouble  of  the  scheme  is  necessity  of  mutual  delay  reduction 
between  two  outputs  step  voltage.  Transmitter  electronics  provides  pulse 
excitation  similarly  to  that  in  Figure  3  above  with  0.5  -  1  ns  rise  time  and  30-60 
Volts  peak  voltage.  Pulse  repetition  rate  is  100  kHz. 

Receiver  consists  of  wideband  low-noise  input  RF  amplifier,  sampling 
circuit  and  buffer  amplifier.  Total  input  bandwidth  is  up  to  10  GHz.  Spectral 
transformation  rate  or  equivalent  time-sampling  is  approximately  10^. 

Synchronizer  unit  executes  control  functions  and  interface  board  provides 
communication  with  the  main  PC  unit.  Block  diagram  of  the  GPR  with  single 
Tx/Rx  antenna  pair  is  shown  in  Figure  8. 
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Figure  8.  Block  diagram  of  the  GPR  with  single  Tx/Rx  antenna  pair. 

4,2.  Two  Rx  and  one  Tx  module  antenna  array 

The  next  step  of  our  research  and  design  efforts  is  to  build  multi-element 
impulse  array  antenna.  It  includes  two-Rx  and  one-Tx  element  array.  Draft  picture 
of  this  array  antenna  and  accompanied  electronics  mutual  arrangement  is  shown  in 
Figure  9. 

This  array  is  assembled  in.  a  single  box  that  forms  simultaneously  a 
shielding  package  and  reflector  for  whole  array  antenna.  Its  imier  space  is  filled 
by  closed-cell  foam  plastic.  This  solution  provides  simple  mechanical  support  and 
reciprocal  disposition  of  antennas,  shields  and  electronics.  In  order  to  improve 
directivity  properties  like  V-dipole  antennas  are  used  instead  of  bow-tie  antennas. 

This  design  is  realized  with  the  same  Rx  and  Tx  modules,  as  described 
above.  The  main  goal  of  the  construction  was  simultaneous  data  acquisition  from 
several  Rx  antennas  for  the  principal  algorithm  examination.  Note  that  considered 
data  collection  strategy  assumes  replacement  of  wide-band  controlled  time-delay 
units  to  computer  processing  of  acquired  data.  Thereby  it  eliminates  any  problems 
connected  with  necessity  to  compensate  mutual  delay  between  different  antenna 
elements.  A  block  diagram  of  the  GPR  with  described  antenna  array  design  is 
shown  in  Figure  1 0. 
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Figure  9.  Design  of  antenna  array  with  one  Tx  and  two  Rx  modules. 
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to  PC 


Figure  10.  Block  diagram  of  the  GPR  with  Tx/2Rx  antenna  array. 


4.3  Basic  endpoint  array  configuration 

Two  versions  of  the  basic  design  of  array  with  two  cross-polarized 
trans.mit  antennas  and  8  receive  ones  (4  and  4  per  each  E-  and  H-polarized 
direction  in  cross-down  range)  are  shown  in  Figure  11.  The  first  version.  Figure 

11  a,  includes  low-power  Tx  units  connected  to  bow-tie  antennas.  Each  T)^Rx 
unit  in  array  is  presented  as  a  separate  module.  Generally  this  design  version 
allows  array  antenna  with  flexible  reconfiguration  opportunities  by  using  new 
frame  with  separated  Tx  and  Rx  modules.  The  second  version,  Figure  1 1  b,  has  a 
rigid  functional  structure  with  low  configurability.  In  this  version  a  cross-polar 
antenna  pair  for  each  Rx  and  Tx  elements  are  used.  Bow-tie  Rx  antenna  cross- 
polar  pair  is  shown  in  Figure  12  a  and  exponential  horn  Tx  antenna  pair  in  Figure 

12  b,  accordingly. 

The  transmitter  and  receiver  electronics  modules  are  directly  terminated  to 
the  antenna  array  elements.  Receiving  electronics  is  the  same  as  the  previous 
described  one. 
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Figure  1 1 .  Array  configurations:  (a)  separate  Tx/Rx  modules,  (b)  cross-polar  one. 


a)  b) 


Figure  12.  Antenna  cross-polar  elements:  (a)  bow-tie,  (b)  exponential  horn. 

At  the  same  time  it  was  utilized  a  new  transmitter  unit.  In  order  to  improve 
the  GPR  performance  factor  of  high  power  nanosecond  generator  has  been 
designed  [9].  It  forms  impulse  1.5-2  ns  rise  time  and  peak  voltage  up  to  550  V  on 
50-Ohm  loading.  Maximum  pulse  repetition  rate  reached  up  to  25  kHz.  Power 
consumption  was  less  than  6  W  (500V  @  20  kHz  conditions).  Transmitter  design 
combines  power  MOS-FET  technology  with  drift  step-recovery  diode  (DSHD) 
sharpener  abilities.  Note  that  the  DSHD  is  the  most  suitable  active  element  for 
solid-state  up  to  1  MW  and  more  nanosecond  impulse  generation.  Thanks  to 
simple  design,  high  output  power,  efficiency  and  stability,  relatively  durability 
and  high  repetition  rate,  based  on  DSRD  Tx  modules  can  be  applied  in  various 
UWB  radar  design  [1.8]. 
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The  array  covers  0.2-0. 9  GHz  at  -20  dB  level  as  can  be  predicted  from 
simulation  results  in  Figures  3  and  4.  As  discussed  above  the  whole  array  antenna 
has  upper  shielding  for  improving  system  interference  immunity  and  low  false 
alarm  rate.  The  array  antenna  width  is  1  m  on  each  side.  This  array  antenna 
employs  ground  contact  or  nearly  ground  antenna  positioning  with  elevation  0.05- 
0.2  m  above  ground  to  compensate  some  surface  roughens  on  the  searching  areas. 
For  the  sake  of  enhancing  array's  performances  achieved  with  physical  aperture  its 
size  can  be  bigger  than  1 .0x1 .0  m. 

Such  chosen  size  of  the  antenna  is  dictated  by  requirement  to  the  designed 
GPR  to  be  able  to  operate  in  some  rooms  to  investigate  their  underground 
environment.  Typically  these  rooms  have  entrances  of  75xl50-cm  size.  From  the 
other  hand  implementation  of  SAR  technique  allows  to  have  bigger  equivalent 
aperture.  Technically  this  solution  is  less  expensive  and  simple  than 
implementation  of  specialized  UWB  array  antenna  with  big  physical  aperture. 
Finally  SAR  approach  enables  variety  of  scenarios  of  data  collection  including 
variable  cross-range  resolution.  The  price  paid  for  these  advantages  are  a 
relatively  slow  data-collection  rate  [6]  that  is  not  principal  topic  for  slow  moving 
robotic  platform  where  the  designed  GPR  with  array  antenna  will  be  housed. 

In  the  case  of  the  designed  radar  there  is  necessity  to  employ  array  antenna 
with  definite  physical  aperture  because  the  SAR  technique  can  not  be  effectively 
applied  anywhere.  The  most  important  sites  of  the  searching  territory'  near  the 
destroyed  Nuclear  Power  Plant  Unit  in  Chernobyl  are  located  on  so-called 
Cascade  Walls.  Strong  edge  effect  there  as  shown  in  Figures  13  does  not  give 
possibility  to  employ  SAR  technique  there.  Efficiency  of  resulted  SAR  procedure 
computed  by  estimation  of  available  length  of  scan  lines  is  shown  in  Figure  14. 
Thus  application  of  some  physical  aperture  in  antenna  is  too  necessary. 


4.4  Array  control  and  data  collection  subsystem 

Block  scheme  in  Figure  15  consists  of  two  Tx  and  eight  Rx  modules, 
synchronizer,  data  acquisition  and  interface  units.  All  Rx  modules  sample  and 
digitize  input  signals  simultaneously.  Mutual  delays  are  removed  during  primary 
digital  processing  or  later.  Synchronizer  is  a  “heart”  of  the  system.  It  forms 
control  signals  for  all  modules  and  allows  to  realize  any  scanning  algorithm  under 
main  computer  control.  Using  digitally  controlled  sweep-generator  and  Rx  time- 
varying  gain-control  (TVGC)  amplifiers  allows  executing  flexible  GPR  control. 


71 


Figure  15.  Block  scheme  of  the  GPR  with  2Tx/8Rx  full  polarization  antenna 
array. 


Strategy  of  the  GPR  sounding  is  prepared  by  the  main  PC  unit  and  pass  to 
the  GPR  as  an  instructions  set.  Synchronizer  executes  these  instructions  in  series 
and  gives  acquisition  data  back  to  the  PC.  This  design  allows  determining  the 
GPR  tuning  up  to  each  sounding  trace.  Besides  there  is  not  any  limitation  on  total 
amount  of  the  Rx  modules  and  its  reciprocal  arrangement. 


5.  Signal  Processing  of  Antenna  Array  Collected  Data 

As  stressed  before  the  design  of  antenna  for  GPR  system  is  some  optimal 
“state-of-art”  balance  between  efforts  in  antenna  design  and  signal  processing 
technique.  This  is  more  urgent  for  radar  with  array  anteima  where  special  array 
processing  technique  should  be  present.  Generally  a  set  of  signal  processing 
methods  implemented  in  advanced  GPR  includes: 
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1 )  1  2-,  3-D  filter  procedures  in  original,  spectrum  or  combined  (F-K)  spaces; 

2)  velocity  analysis  for  common  midpoint  gathers  and  velocity  migration  [10]; 

3)  array  signal  processing  for  physical  aperture  for  in-situ  image  focusing; 

4)  synthetic  aperture  processing  technique; 

5)  full  polarimetric  data  processing. 

Inherently  beam  pattern  of  subsurface  radar  antennas  is  widely  spread  and 
to  improve  its  physical  aperture  and  SAR  techniques  are  applied  that  are  subject 
of  items  3-4.  In  order  to  overcome  of  such  existing  GPR  technique  limitations  as 
in  a  hand-held  radar,  we  will  combine  physical  aperture  technique  with  SAR 
opportunities. 

5.1  Antenna  beam  forming  with  physical  aperture 

One  should  distinguish  two  kind  of  antenna  beam  forming  methods 
implemented  in  the  presented  array  antenna  project.  The  first  technique  is  'in-situ' 
image  focusing  method  in  TD  while  second  one  is  implemented  by  SAR 
processing.  Note  that  antenna  features  effect  strongly  on  such  both  beam-forming 
techniques.  The  basic  idea  of  implemented  algorithm  of  array  beam-forming  in 
TD  is  schematically  shown  in  Figure  16.  This  beam  forming  technique  is 
introduced  by  adjusting  time  delay  magnitudes  in  Rx  channels  of  array.  In  this 
way  an  array  beam  is  focused  on  a  definite  space  point  (really  spot)  inside  volume 
covered  by  array  antenna  [10,12].  There  is  a  set  of  limiting  factor  on  the  size  of 
array  focusing  spot  due  to  decorrelation  of  signals  in  different  Rx  channels  forced 
by  the  difference  in  antennas  features  and  practical  inhomogeneousty  of  real 
sounding  media.  There  are  some  finite  errors  in  estimation  of  velocity 
propagation,  which  quantity  is  used  inherently  in  beam  forming  algorithm. 

Actually  anay  structure  in  Figure  16  implements  post-processing  array 
technique  for  radar  imaging  with  improved  signal-to-noise  ratio  [12].  Some  inter¬ 
channel  correlation  processing  can  be  algorithmically  introduced  with  threshold 
estimation  of  resulted  signal  correlation  products  in  fixed  element  of  scanning 
volume.  Generally  it  gives  effective  suppression  of  interference  signals  \vith  out 
of  interesting  arriving. 

The  Rx  antenna  elements  in  Figure  16  are  spaced  at  the  distance  of  about 
90-cm.  The  higher  frequency  in  spectrum  is  about  800-900  MHz  that  corresponds 
to  wavelength  about  35  cm  in  free  space  and  at  least  two  times  more  in  sounding 
media  with  typical  s  >  4.  For  such  elements  spacing  the  grating  lobe  can  be 
observed  at  the  scan  angle  22^  in  free  space  and  52^  in  sounding  media.  The  scan 
angle  is  measured  from  the  antenna  broadside  direction,  which  is  normal  to  the 
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array  aperture  plane.  But  this  effect  of  grating  lobes  is  not  principal  for  down¬ 
looking  radar  systems  with  maximum  scan  angle  equals  to  10-15*^,  i.e.  array 
antenna  looks  through  space  covered  by  its  aperture.  Practically  smallest 
insufficient  elements  of  radar  images  can  be  distorted. 

Moreover  for  the  central  frequency  of  used  spectrum  the  grating  lobe 
appears  at  52°  in  air  and  absent  in  subsurface  media.  Note  that  same  differences  in 
E-  and  H-planes  scanning  will  take  place  but  these  effects  are  high-order  ones. 
Also  here  is  some  blindness  effects  in  the  H-plan  due  to  specific  features  of 
pattern  of  pulse  antenna  in  this  plan.  This  effect  is  revealed  in  radar  images  as 
some  artifact  distorted  radar  signature  of  target.  It  must  be  subject  of  detailed  next 
studies  including  the  some  specificity  of  pulse  array  antennas  loaded  by 
subsurface  interface 

Computational  requirements  for  implementing  antenna  beam  forming 
algorithm  are  low  due  to  its  realization  as  a  post-processing  algorithm.  It 
processes  the  signals  registered  by  each  single  Rx  channel  element  and  stored  in 
computer  memory.  This  algorithm  has  been  successfully  tested  with  two-Rx-one- 
Tx  pulse  array  antenna  in  Figures  9  and  10  will  be  under  experimental 
examination  soon  in  the  complete  8-Rx  and  2-Tx  array  antenna. 


Time-domain  radar  phase  array  with  4 


Figure  1 6.  Schematic  presentation  of  array  antenna  TD  beam-forming  algorithm 
with  focusing  in  the  cross-track  and  down-track  directions. 
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5.2.  Synthetic  aperture  processing 

Generally  SAR  processing  is  well-established  method  to  transform  the 
data  collected  along  a  scan  trajectory  of  electrically  small  real  aperture  to  data 
collected  with  big  virtual  aperture.  Fourier  transform  is  mostly  used  for  such 
mathematical  operation  to  transfer  from  wave-number  space  (kx,  ky,  kz)  to 
Cartesian  coordinate  space  [12],  The  broader  supports  in  k-space,  i.e.  longer  scan 
trajectories,  the  finer  impulse  response  in  transform  space.  Practically  it  requires 
enough  long  scan  line  for  2-D  imaging  and  enough  scanning  areas  for  3-D  radar 
imaging.  This  SAR  technique  is  widely  applied  in  GPR  with  single  monostatic 
antenna  pair  like  that  in  Figure  7. 

Practically  the  strong  influence  of  antenna  properties  takes  place  on  the 
reconstructed  SAR  images  including  some  defocusing  phenomena  to  focus 
simultaneously  early  and  late  time  response  [12],  These  affects  require  special 
detailed  consideration  and  are  outside  frame  of  the  paper.  Also  as  illustrated  in 
Figures  13-14  the  SAR  technique  has  sometimes  very  limited  opportunities  when 
GPR  system  must  be  applied  on  the  sites  limited  by  their  areas. 


5.3.  Polarimetric  processing  with  array  antenna 

To  collect  all  available  information  about  target  the  complete  polarimetric 
technique  is  employed  when  two  orthogonal  polarizations  are  consequently 
transmitted  and  simultaneously  received.  Employing  coherent  radar,  the 
polarization  scattering  matrix  (PSM)  is  processed  to  provide  target  shape 
information  [11],  Real  problem  should  be  carefully  treated  is  a  level  of 
polarization  isolation  of  antennas,  especially  in  the  near-field  range.  Our  own 
results  as  well  as  the  data  in  literature  indicate  about  problematic  of  this  issue  for 
real  GPR  system  especially  for  shallow  target.  At  the  same  time  this  technique  is 
promising  for  deeper  target.  Also  using  of  cross-polarized  antennas  tends  to 
discriminate  against  the  surface  clutter  return.  We  do  not  have  at  this  time  enough 
experimental  data  on  this  issue  that  should  be  done  soon. 

Generally  the  radar  polarimetric  technique  enables  potentially  target 
characterization  by  fixing  the  difference  in  the  phase/amplitude/waveform  of 
signals  registered  for  different  polarization  states  of  transmitting  Txl...2  and 
receiving  Rxl...8  antennas  (Figure  15).  The  scattering  matrix  for  each  receiving 

element  presents  measured  scattered  signals  of  both  polarization  versus  those 

incident  transmitted  signals  f  /., , 
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Surface  wave 


Figure  13.  Schematic  presentation  of  the  GPR  measurement  on  the  Cascade  Wall 
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Figure  14.  Effectiveness  of  SAR  technique  due  to  geometrical  factor. 
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Separated  radar  Rx  antennas  simultaneously  operate  in  the  both  polarization  states 
resulting  in  four  measurements  of  the  co-polar  (Sn,  S22)  signals  and  cross-polar 
(S12,  S21)  ones. 


Let  note  that  consequent  scanning  in  two  opposite  linear  polarization  does 
not  make  possible  target  classifications  by  its  polarimetric  features.  In  this  case  at 
least  only  the  Si  1  and  S22  members  of  the  scattering  matrix  can  be  estimated.  It  is 
not  enough  for  a  proper  target  characterization  that  is  important  issue  for  highly 
clattered  media  around  the  Chernobyl  destroyed  reactor  where  the  designed  radar 
should  be  employed. 


6.  Some  Results  of  Experimental  Investigations 

Some  experimental  studies  have  been  conducted  with  2-Rx-l-Tx  antenna 
for  GPR  design  as  a  prototype  of  complete  8-Rx-2-Tx  array  antenna  that  is  in 
progress  now.  The  presented  experiments  are  not  directly  associated  with  the 
Chernobyl  radar  project  but  give  useful  information  for  our  endpoint  design. 
Firstly  additional  opportunities  of  GPR  system  based  on  array  antenna  with 
respect  to  ordinary  GPR  with  monostatic  antenna  pair  to  detect  and  discriminate 
the  target  with  specific  shape  have  been  explored. 

Figure  17  presents  simulated  and  SAR  measured  data  for  square  metal 
plate  as  a  buried  target.  On  the  left  in  Figure  17  a  is  a  2-D  geometry  for  simplest 
subsurface  scattering  problem  to  help  communicate  to  next  figures.  Note  that 
simulated  image  at  the  right  of  Figure  17  a  does  not  present  geometrical  shape  of 
target  rather  than  its  signature  with  specific  edge  effect  expressed  in  hyperbolic 
leading  and  edge  tails  [7].  Since  radar  visualization  of  internal  regions  is 
inherently  more  qualitative  than  quantitative,  one  must  concentrate  on  the 
signature  of  target  than  its  exact  geometrical  shape  that  can  not  be  reconstructed  in 
details.  In  the  context  of  our  array  antenna  project  we  will  consider  here  the 
effects  of  antennas  on  radar  signatures. 

In  Figure  17  b  one  can  observe  the  presence  of  two  shallow  targets  like 
that  in  Figure  17  a.  In  contrast  to  simulated  data  the  image  of  real  medium  is 
different.  Here  is  a  direct  coupling  signal  between  Tx  and  Rx  antennas  [3]  as  well 
as  ringing  effects  at  the  right  side  of  picture.  A  ringing  effect  inside  sounding 
media  is  produced  by  internal  interface  in  it  with  strong  scattering  and  can  be 


77 


7.  Conclusions  and  Summary 

It  is  expected  that  sufficient  two-dimensional  spatial  scanning  in  down¬ 
looking  GPR  system,  where  physical  aperture  with  SAR  and  polarimetric 
processing  are  combined,  provides  maximum  3-D  resolution  that  can  be  achieved 
by  the  given  bandwidth.  The  last  factor  is  limited  due  to  rigid  background  physics 
of  electromagnetic  propagation  inside  matter  and  antenna  features  to  radiate  and 
receive  broadband  or  UWB  signal  with  <  100%  relative  bandwidth. 

Besides  limitations  in  antennas  UWB  properties  there  are  many  problems 
in  design  Tx/Rx  electronics  with  fine  time  accuracy  and  resolution  or  equivalent 
high  sampling  frequency  as  a  jitter  problem.  Practically  it  is  difficult  to  maintain 
operation  over  5-10  GHz  operation  frequency.  In  this  case  FD  techniques  with 
UWB  signal  synthesis  seems  more  promising. 

Finally  the  practical  distribution  in  array  antenna  design  efforts  tends 
towards  to  dominant  role  should  be  played  by  signal  processing  technique.  As  we 
found  the  potential  in  antenna  design  are  sufficiently  limited.  Employment  of 
antenna  airay  adds  some  flexibility  in  GPR  system  design  by  introducing  the 
advanced  processing/imaging  opportunities. 

Additionally  scanned  antenna/array  allows  additional  capabilities  to 
produce  synthetic  aperture  imaging.  Doing  so,  however,  requires  careful  attention 
to  knowledge  of  antenna  position  and  correction  of  propagation  effects  within 
soil.  The  last  factor  limits  the  performances  of  real  GPR  system.  Note  that  array 
antenna  with  some  spacing  betvyeen  its  element  enables  potentially  some 
calibration  procedures  to  estimate  velocity  of  signal  propagation  inside  media.  It 
is  interesting  opportunity  to  be  subject  of  next  research  efforts. 

Fundamentally  signal  processing  and  imaging/display  options  in 
subsurface  radar  are  strongly  driven  by  signal  waveform  choice  and  its 
implementation  taking  into  consideration  inherent  signal  transformation  in 
antennas  like  simulated  data  shown  in  Figure  3-6.  Thus  relevant  choice  of  antenna 
types,  array  configuration  are  important  issue  of  overall  GPR  system  design. 

Presented  results  have  been  obtained  into  the  frame  of  some  subsurface 
radar  projects  tor  aicheology  and  landmine  detection.  Now  the  array  antenna  for 
the  advanced  GPR  system  to  be  applied  near  the  Chernobyl  nuclear  power  plant  is 
in  focus  of  research  and  design  efforts.  Most  of  components  of  radar  system  have 
been  designed  and  tested  including  prototype  of  antenna  array. 
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partially  removed  from  image  by  some  processing  technique.  This  effect  is  often 
very  unwanted  for  GPR  because  such  clutter  obscure  valuable  information,  can 
overload  internal  circuits  of  receiver  and  decrease  radar  dynamical  range.  There 
are  no  receipts  in  antenna  design  other  than  application  full-polarimetric  and  other 
enhanced  signal  processing  techniques  that  can  be  effective  for  some  cases. 

The  application  of  TD  beam- forming  technique  is  illustrated  in  Figure  18 
for  2-D  scan  implemented  with  2-Rx-l-Tx  radar  array  antenna.  The  final  image 
in  this  Figure  is  a  result  of  post  processing  technique  applied  to  focus  image 
covered  by  array  aperture.  Radar  antenna  was  moved  along  the  straight  scan  line 
and  the  focused  image  is  computed  in  broadside  direction  as  cross-correlation  of 
delayed  signals  in  the  Rx  channels.  Some  threshold  level  was  being  adjusted  to 
improve  focusing  and  cut  signal  tails.  We  observe  here  absence  of  hyperbolic 
curves  but  image  has  finite  level  of  focusing  due  to  multi-lobe  structure  of  signals. 
At  the  same  time  some  artifacts  are  present  but  major  reflections  are  strongly 
stressed,  which  correspond  to  internal  objects  should  be  detected.  One  can 
conclude  that  this  technique  is  not  perfect  enough.  However  we  expect  that  for 
such  case  like  the  Cascade  Wall  in  Figure  13  it  can  be  useful. 

Results  of  radar  imaging  of  specific  subsurface  target  received  with  simple 
2-Rx  and  1-Tx  array  are  shown  in  Figure  19.  At  the  right  one  can  see  horizontal 
slice  of  cylindrical  shallow  subsurface  target  and  the  left  picture  presents  its 
vertical  slice.  This  target  is  like  a  antitank  landmine  at  the  depth  of  30  cm  and  has 
the  35-cm  diameter  and  the  15-cm  height.  Horizontal  slice  has  been  obtained  as  a 
set  of  linear  scan  over  searching  area. 

The  presented  images  do  not  give  of  course  exact  geometrical  shape  of 
target  being  defocused  and  with  artifacts.  At  the  same  time  to  get  best  quality  of 
radar  images  is  very  problematic.  From  the  point  of  view  of  strong  physical 
limitations  it  is  impossible  to  obtain  better  imaging  because  wavelengths  in  the 
used  signal  spectrum  are  comparable  with  geometrical  features  of  target  and 
phased  information  is  partially  lost.  Disturbance  effect  of  medium  on  antetma  and 
some  uncertainty  of  signal  velocity  force  the  last  factor  too. 

However  the  results  in  Figure  19  demonstrate  evidently  that  using  of  "non¬ 
ideal"  antennas  in  radar  with  some  "ringing"  etc.  and  coherent  processing  enables 
obtaining  valuable  visualization  of  subsurface  media  with  GPR.  Generally  signal¬ 
processing  component  as  sufficient  part  of  design  efforts  is  very  important  here 
and  this  issue  is  finally  discussed  in  conclusion  section. 
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b) 

Figure  17.  (a)  simulated  and  (b)  experimental  radar  image  of  subsurface  with 
specific  shaped  target. 
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Figure  18.  Radar  2-D  vertical  scan  imaging  of  subsurface  region  obtained  with  2 
Rx  array  antenna  and  application  of  TD  beam  forming  data  processing. 


a) 


b) 


Figure  19.  Vertical  and  horizontal  slices  for  GPR  imaging  of  cylindrical  shallow 
target. 
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Abstract:  Time-domain  characteristics  of  phased  arrays  can  vary 

considerably  from  that  of  a  reflector  antenna.  These  time-domain 
characteristics  will  affect  both  the  transmitted  and  received  waveforms  and 
can  therefore  affect  both  advanced  signal  processing  techniques  and 
countermeasures  techniques.  This  paper  presents  findings  from  a 
fundamental  investigation  of  the  time-domain  eflFects  of  phased  array 
antennas  on  the  transmitted  waveforms  in  both  the  main  beam  and  sidelobe 
regions  and  the  resulting  effects  on  sidelobe  cancellers. 

1.  Introduction 

This  paper  describes  initial  findings  from  a  research  program  to  investigate  the 
main  beam  and  sidelobe  impulse  responses  of  large  phased  array  antennas  and 
reflector  antennas  typically  used  for  radar  applications.  Particular  emphasis  is 
given  to  the  way  that  the  impulse  response  changes  from  the  main  beam  to  the 
sidelobe  region  of  the  antenna.  Antennas  are  designed  to  radiate  a  plane  wave 
with  a  given  polarization  and  frequency  in  a  specified  main  beam  direction. 
However,  the  time-domain  impulse  response  will  vary  according  to  the  actual 
implementation  of  the  antenna  design.  Reflectors  are  designed  to  collimate  a 
radiated  beam  by  creating  equal  path  delays  and  tend  to  have  few  parts.  This 
produces  a  relatively  simple  and  short  time-domain  impulse  response.  A  phased 
array,  on  the  other  hand,  generally  collimates  the  beam  by  adjusting  phases 
instead  of  path  delays.  In  addition,  there  are  more  parts,  which  introduce  multiple 
reflections.  This  gives  the  phased  array  a  more  complicated  and  longer  impulse 
response  than  a  reflector.  These  time-domain  effects  affect  transmit  and  received 
waveforms  and  therefore  advanced  signal  processing  algorithms  such  as  adaptive 
digital  beamforming  (ADBF)  and  space-time  adaptive  processing  (STAR).  The 
Georgia  Tech  Research  Institute  (GTRI)  has  instituted  an  internal  research 
program  to  investigate  the  time-domain  phenomenology  of  phased  array  antennas 
and  develop  computer  simulation  tools  and  measurement  capability  for 
characterizing  these  phenomena  [1,2].  Section  2  provides  a  brief  discussion  of  the 
time-domain  phenomena  and  the  variation  of  the  effects  with  antenna 
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architecture.  An  overview  of  the  method  GTRI  is  using  to  investigate  these 
phenomena  is  given  in  Section  3.  An  analysis  of  the  resulting  waveforms  is 
presented  in  Section  4,  and  an  analysis  of  the  time-domain  effects  on  sidelobe 
cancellers  is  presented  in  Section  5. 

2.  Architecture  Effects  on  Time-Domain  Phenomena 

A  variety  of  architectures  exist  for  directing  radiated  RF  energy  in  a  specified 
direction.  Two  broad  classes  of  architectures  are  reflector  and  phased  array 
antennas.  A  simple  parabolic  reflector  antenna  collimates  energy  from  a  feed 
located  at  the  focal  point  of  the  parabola  by  providing  equidistant  path  delays 
from  the  feed  to  a  plane  perpendicular  to  the  antenna  boresight,  as  shown  in 
Figure  1.  In  the  direction  of  the  main  beam,  this  produces  a  very  narrow  impulse 
response,  which  implies  that  the  transmitted  waveform  in  the  main  beam  direction 
will  be  very  similar  to  the  waveform  input  to  the  antenna  terminals.  Deviations 
from  a  true  impulse  result  from  multiple  reflections  and  dispersion  within  the 
feed,  multiple  reflections  between  the  feed  and  reflector,  diffraction  off  the 
reflector  edge,  and  scattering  off  the  feed  and  feed  struts.  Furthermore,  distances 
from  the  feed  to  different  areas  of  the  reflector  are  different,  which  implies  that 
the  region  where  currents  are  set  up  on  the  reflector  surface  grow  over  a  short 
period  of  time  [3,4].  In  addition,  the  gain  increases  with  frequency.  In  the 
sidelobe  regions,  the  impulse  is  broadened  by  dispersion  that  results  from 
differences  in  path  lengths  from  the  feed  to  the  reflector  and  then  to  a  plane 
perpendicular  to  the  sidelobe  direction.  Some  sidelobes  may  also  be  affected  by 
spillover  from  the  feed. 


Figure  1.  Parabolic  reflector  antenna 


Most  phased  array  antennas  collimate  a  beam  by  using  phase  shifters  to  adjust  the 
phase  of  the  waveform  radiated  from  each  element  in  the  array.  In  general,  this 
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implies  that  the  path  delay  from  the  antenna  terminals  to  the  plane  perpendicular 
to  the  main  beam  direction  is  different  for  every  element.  Some  radars  use  time- 
delay  units  (TDUs)  at  the  subarray  level  to  decrease  the  dispersion  in  the  main 
beam.  However,  phase  shifters  are  still  used  at  the  element  level,  so  some 
dispersion  still  exists.  In  addition,  when  the  beam  is  scanned  away  from 
broadside,  the  TDUs  actually  increase  the  dispersion  in  the  far-off  sidelobes. 
Other  sources  of  time-domain  effects  in  phased  arrays  are  multiple  reflections 
between  the  different  components  in  the  phased  array  and  dispersion  within  the 
feed  waveguides  and  phase  shifters.  Some  architectures,  such  as  a  space-fed 
array,  will  have  direct  radiation  from  spillover  that  will  affect  sidelobes.  If 
polarized  screens  and  polarizing  grids  are  used,  polarization  misalignments  will 
produce  polarization  transients  at  the  beginning  of  the  pulse.  A  time-varying 
effect  will  result  if  the  pulse  is  transmitted  before  the  phase  shifters  have  settled 
into  a  steady  state. 

Several  phased  array  architectures  are  used  for  radar  applications.  Some  are 
space-fed  lens  arrays,  constrained-fed  arrays,  reflect  arrays,  and  subarrayed 
arrays.  Each  of  these  architectures  has  a  distinct  time  signature.  A  series-fed 
constrained  feed  phased  array,  as  shown  in  Figure  2,  will  have  large  differences  in 
the  delay  time  to  each  of  the  element  radiators.  On  the  other  hand,  a  parallel-fed 
constrained  feed  phased  array,  as  shown  in  Figure  3,  will  have  the  same  delay 
time  to  each  element.  This  provides  a  very  wide  bandwidth  when  the  beam  is 
steered  to  boresight,  but  unless  TDUs  are  used,  the  bandwidth  will  decrease 
significantly  as  the  beam  scans.  Figure  4  shows  a  space-fed  phased  array.  Again, 
there  are  differences  in  the  time  delay  to  each  element,  although  these  differences 
are  typically  smaller  than  for  a  series-fed  constrained  feed  phased  array  with  the 
same  aperture  size. 


Figure  2.  Series-fed  constrained  feed  phased  array 
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Figure  3.  Parallel-fed  constrained  feed  phased  array  with  TDUs 


Figure  4.  Space-fed  phased  array 


3.  Approach 

The  first  step  in  studying  the  time-domain  phenomena  is  to  catalog  all  of  the 
sources  of  time-domain  effects  and  then  determine  which  of  these  effects  are 
significant.  Using  this  analysis,  computer  simulation  models  have  been 
developed  to  investigate  these  effects.  For  the  initial  modeling  effort,  it  is 
assumed  that  the  antennas  are  linear  and  time-invariant,  which  allows  the  use  of 
the  Fourier  transform  convolution  theorem  so  that  calculations  can  be  performed 
in  both  the  frequency  and  time  domains.  The  transmitted  waveform  is  the 
convolution  of  the  input  waveform  with  the  antenna  impulse  response. 

Measurements  are  performed  to  validate  the  modeling.  GTRI  has  upgraded  its 
near-field  measurement  range  so  that  measurements  can  be  multiplexed  at  a 
number  of  frequencies.  The  near-field  measurement  at  each  frequency  is 
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transformed  to  the  far-field  domain,  which  gives  a  wide-band  frequency  response 
over  a  large  range  of  observation  angles.  Transformation  of  these  frequency 
responses  to  the  time-domain  produces  synthesized  impulse  responses  for  the 
antenna  as  a  function  of  observation  angle.  In  addition,  the  far-field  range  has 
been  upgraded  to  perform  swept-frequency  measurements.  This  allows 
synthesized  time-domain  impulse  measurements  of  backlobes  and  measurements 
of  antennas  mounted  on  vehicles,  measurements  that  are  not  suitable  for  the  near¬ 
field  range. 

4.  Waveforms 

The  output  waveform  of  a  linear  time-invariant  antenna,  y{t),  is  the  convolution  of 
the  input  waveform,  p{t),  with  the  impulse  response  of  the  antenna,  h{t),  i.e., 

y{t)  =  p(.t)*hit)  (1) 

The  impulse  response  is  the  inverse  Fourier  transform  of  the  frequency  response. 
Thus,  the  output  waveform  for  an  arbitrary  input  waveform  can  be  computed  if 
the  frequency  response  of  the  antenna  is  known  and  converted  to  an  impulse 
response. 

Synthesized  time-domain  measurements  have  been  made  of  a  simple  four-foot 
parabolic  reflector  antenna,  a  large  limited  field-of-view  (LFOV)  target 
engagement  radar  (TER)  antenna,  and  a  demonstration  space-fed  array.  The  TER 
is  a  series-fed  constrained  feed  phased  array  with  ferrite  phase  shifters.  The 
antenna  comprises  24  rows  and  24  columns  of  element  radiators  with  the  elements 
spaced  3  wavelengths  apart.  The  elements  are  divided  into  4  quadrants  that  are 
parallel-fed,  where  each  quadrant  has  a  horizontal  constrained  waveguide  that 
series-feeds  12  vertical  constrained  waveguides  that  each  series-feeds  the  12 
elements  on  that  column.  The  space-fed  array  consists  of  approximately  650 
elements  on  a  triangular  grid  with  the  elements  spaced  approximately  0.66 
wavelengths  horizontally  and  0.38  wavelengths  vertically. 

Figure  5  shows  the  frequency  domain  response  in  the  main  beam  of  both  the  four- 
foot  reflector  and  the  TER  with  the  beam  steered  to  broadside  over  the  frequency 
range  of  12.4  to  18  GHz.  The  phase  shifters  of  the  TER  are  set  to  collimate  the 
beam  at  approximately  14.5  GHz.  It  is  seen  that  the  reflector  is  a  wideband 
antenna  with  the  gain  increasing  with  frequency.  The  ripples  in  the  response  are 
likely  due  to  diffraction  and  scattering  off  the  feed  and  feed  struts.  The  TER  has  a 
much  narrower  instantaneous  bandwidth.  This  is  a  result  of  the  different  path 
delays,  which  cause  the  main  beam  to  quickly  decollimate  away  from  the 
collimation  frequency.  Actually,  as  we  move  away  from  the  collimation 
frequency,  the  main  beam  splits  into  four  beams  that  scan  diagonally  away  from 
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boresight  as  the  frequency  increases.  As  the  frequency  increases  further,  these 
four  beams  move  towards  the  center  again  and  the  beam  recollimates,  which 
explains  the  peak  seen  in  the  graph  at  18  GHz.  The  space-fed  array,  which  is 
collimated  at  8.4  GHz,  has  a  wideband  frequency  response,  as  shown  in  Figure  6, 
because  of  its  small  size.  The  multiple  reflections  within  components  and 
between  components  of  the  antenna  have  a  much  stronger  influence  on  the 
response,  whereas,  for  the  TER  the  response  is  controlled  predominantly  by  the 
array  geometry. 


Frequency  Response 


Figure  5.  Frequency  response  of  reflector  and  series-fed  phased  array 

Fourier  transforming  the  frequency  response  provides  the  impulse  response  of  the 
antenna.  Figure  7  shows  the  magnitude  of  the  complex  envelope  for  the  main 
beam  of  the  reflector  and  the  TER.  It  is  seen  that  the  reflector  has  a  very  narrow 
impulse  response.  This  results  from  the  nearly  identical  delay  times  for  all  the 
radiation  paths.  The  different  path  delay  times  for  the  TER  produces  a  broadened 
impulse  response  lasting  about  6  or  7  ns,  which  corresponds  to  the  difference  in 
delay  times  from  the  center  elements  to  the  outer  elements  of  the  array.  Figure  8 
shows  the  magnitude  of  the  co-polarized  and  cross-polarized  complex  envelopes 
of  the  impulse  response  for  the  space-fed  array  in  the  main  beam.  Observe  that 
the  co-polarized  and  cross-polarized  responses  can  have  very  different  shapes. 
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Frequency  (GHz) 

Figure  6.  Frequency  response  of  space-fed  array 


Impulse  Response 


Figure  7.  Main  beam  impulse  response  of  reflector  and  TER  array 
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Figure  8.  Main  beam  impulse  response  of  space-fed  array 

The  impulse  function  of  an  antenna  changes  with  the  angle  to  the  field  point. 
Figure  9  shows  the  measured  impulse  response  of  the  TER  in  the  sidelobe  region 
for  several  different  field  point  angles.  The  main  beam  is  steered  to  broadside, 
and  the  impulse  responses  at  (Az,  El)  =  (0.5",  0.5"),  (1.5",  1.5"),  (2.5",  2.5"),  and 
(3.5",  3.5")  are  plotted.  The  shapes  of  the  impulse  responses  are  significantly 
different  and  produce  different  transmitted  waveforms,  as  shown  later.  The 
impulse  response  can  produce  interesting  transmitted  waveforms  in  the  sidelobe 
regions.  Even  in  a  null  of  the  antenna  pattern,  a  continuous  (CW)  pulse  will  have 
a  transient  spike  at  the  beginning  and  end  of  the  pulse.  A  linear  frequency 
modulated  (LFM)  pulse  is  even  more  interesting  because  the  angular  location  of 
the  null  will  scan  with  frequency. 

As  described  earlier,  the  output  waveform  can  be  determined  by  convolving  the 
input  waveform  with  the  antenna  impulse  response.  Figure  10  shows  the 
envelope  magnitude  of  the  transmitted  waveform  for  the  reflector  antenna  using  a 
step  CW  pulse  at  approximately  14.5  GHz  in  the  main  beam.  Figure  1 1  shows  the 
main  beam  transmitted  waveform  at  the  collimation  frequency  for  the  TER  using 
both  a  1  GHz  and  a  5.6  GHz  bandwidth  in  the  measurement  of  the  frequency 
response.  Note  that  the  rise  time  of  the  pulse  is  much  slower  than  for  the  reflector 
antenna.  Figure  12  shows  the  transmitted  waveform  for  the  TER  at  the  sidelobe 
angles  listed  above.  Observe  that  at  one  angle  the  peak  of  the  transient  response 
is  much  larger  than  the  steady-state  response.  Figure  13  shows  the  transmitted 
waveform  for  the  space -fed  antenna  in  the  main  beam,  located  at  (Az,  El)  = 
(-5",  0°)  and  several  sidelobes,  located  at  (Az,  El)  =  (-6",  0"),  (-8",  0"),  and 
(-10",  0°). 
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Figure  9.  Sidelobe  impulse  response  of  TER  array 


Figure  10.  Transmitted  waveform  in  main  beam  of  reflector  antenna 
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Figure  11.  Transmitted  waveform  in  main  beam  of  TER  array 


Figure  12.  Transmitted  waveform  in  sidelobes  of  TER  array 
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Figure  13.  Transmitted  waveforms  in  main  beam  and  sidelobe  of  space-fed 

array 

As  mentioned  earlier,  the  impulse  response  for  the  co-polarized  signal  and  the 
cross-polarized  signal  can  have  significantly  different  shapes,  which  implies  that 
the  polarization  content  of  the  transmitted  waveform  can  change  as  a  function  of 
time.  Figure  14  shows  the  voltage  fraction  of  the  transmitted  waveform  that  is  co¬ 
polarized  in  the  main  beam  and  several  sidelobes  (listed  above)  for  the  TER 
antenna.  The  main  beam  polarization  remains  fairly  constant,  but  modest  changes 
occur  at  the  beginning  of  the  pulse  for  the  sidelobes.  Figure  15  shows  similar  data 
for  the  space-fed  array  for  the  main  beam  and  the  sidelobes  listed  above.  For 
these  cases,  the  polarization  remains  fairly  constant.  Figure  16  shows  the  co¬ 
polarized  voltage  fraction  for  the  space-fed  array  at  the  sidelobes  located  at 
(Az,  El)  =  (-20®,  0®),  (-30®,  0®),  and  (-40®,  0®),  which  are  much  farther  from  the 
main  beam.  For  (Az,  El)  =  (-20°,  0®),  the  voltage  fraction  changes  considerably  at 
the  beginning  of  the  pulse. 
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Figure  14.  Fraction  of  co-polarized  voltage  in  output  waveforms  from  TER 

array 


Figure  15.  Fraction  of  co-polarized  voltage  in  output  waveforms  from  space' 

fed  array  in  and  near  main  beam 
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Figure  16.  Fraction  of  co-polarized  voltage  in  output  waveforms  from  space 

fed  array  in  far  sidelobes 


5.  Sidelobe  Canceller 

The  sidelobe  canceller  (SLC)  is  a  form  of  adaptive  beamformer  that  uses  a 
weighted  combination  of  one  or  more  auxiliary  antennas  to  cancel  jammers  in  the 
sidelobes  of  the  main  antenna  pattern.  Figure  17  shows  a  schematic  diagram  of 
the  sidelobe  canceller. 


Main  Channel  (AP650) 


Figure  17.  Sidelobe  Canceller 
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The  values  of  the  weights  that  are  applied  to  the  auxiliary  channels  are  determined 
by 


where 


and 


w„ 


R 


r 

aux  ma  ■ 


(2) 


(3) 


(4) 


and  the  other  variables  are  shown  in  Figure  17. 

To  support  wider  bandwidths,  transversal  filters  can  be  used  in  each  auxiliary 
channel  to  adaptively  control  the  frequency  response  as  well  as  the  spatial 
response  of  the  antenna,  as  shown  in  Figure  18.  Each  weight  in  the  transversal 
filter  for  a  particular  channel  will  be  referred  to  as  a  tap. 


Figure  18.  Transversal  filter 
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In  order  to  evaluate  the  impact  of  the  antenna  frequency  response  on  a 
conventional  sidelobe  canceller,  an  example  case  was  run  using  the  space-fed 
array  as  the  main  channel  and  the  reflector  model  as  an  auxiliary.  The  aperture 
radius  of  the  parabolic  reflector  was  set  to  3.14  cm  to  produce  a  broad  pattern 
suitable  for  use  as  an  SLC  auxiliary.  In  the  examples  that  follow,  a  40  dB  jam-to- 
noise  ratio  (JNR)  jammer  was  located  at  (Az,  El)  =  (30°,  0°),  and  the  space-fed 
array  main  beam  was  steered  to  (Az,  El)  =  (-5°,  0°).  Figure  19  shows  an  azimuth 
cut  of  the  antenna  patterns  of  the  space-fed  array  and  the  reflector  at  the  center 
frequency  of  8.4  GHz.  Consider  a  narrowband  jammer  with  energy  concentrated 
at  the  center  frequency,  then  an  SLC  with  a  single  auxiliary  will  produce  an 
antenna  pattern  frequency  response  shown  in  Figure  20.  In  the  plot,  the  solid 
curve  is  the  response  of  the  space-fed  array  without  SLC,  the  dotted  curve  is  the 
response  of  the  weighted  auxiliary,  and  the  dashed-dotted  curve  is  the  composite 
SLC  response.  Note  that  in  the  SLC  response,  a  null  is  produced  at  the  frequency 
of  the  jammer.  A  performance  metric  that  wilt  be  used  here  to  measure  the 
amount  of  jammer  cancellation  by  the  SLC  is  the  cancellation  ratio,  CR,  which  is 
defined  as  the  ratio  of  the  jammer  power  at  the  output  of  the  space-fed  array  with 
SLC  to  the  jammer  power  at  the  output  of  the  space-fed  array  without  SLC,  i.e., 

CR-  fi  (With  SLC) 

Pj  (without  SLC) 

For  the  case  shown  in  Figure  20,  the  cancellation  ration  was  -32.8  dB. 


Figure  19.  Space-fed  antenna  and  reflector  antenna  patterns 
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Figure  20.  Antenna  pattern  frequency  response  in  jammer  direction  (one 

tap,  one  auxiliary) 

To  evaluate  the  impact  of  the  antenna  frequency  response  on  the  SLC,  the  jammer 
bandwidth  was  increased  to  0.06  GHz.  Figure  21  shows  that  for  a  single  auxiliary 
with  a  single  tap  weight,  the  SLC  is  only  able  to  achieve  a  shallow  null  over  the 
jammer  bandwidth,  and  the  cancellation  ratio  was  only  —1.4  dB.  Figure  22  shows 
the  SLC  performance  when  the  number  of  auxiliaries  is  increased  to  three  with 
two  tap  weights  per  auxiliary  channel.  In  this  case,  a  deeper  null  is  maintained 
across  the  jammer  bandwidth  for  a  cancellation  ratio  of  -12.8  dB.  Note  that  the 
gain  of  the  SLC  response  outside  the  januner  bandwidth  has  increased,  which  will 
result  in  greater  thermal  noise  power;  however,  this  increase  in  thermal  noise  is 
more  than  offset  by  the  reduction  in  jammer  power. 
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Figure  21.  Antenna  pattern  frequency  response  in  jammer  direction  (one 

tap,  one  auxiliary) 


Figure  22.  Antenna  pattern  frequency  response  in  jammer  direction  (two 

taps,  three  auxiliaries) 
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Figure  23  shows  the  CR  performance  of  the  SLC  as  a  function  of  the  number  of 
taps  and  parameterized  by  the  number  of  auxiliary  channels  for  the  narrowband 
jammer  case.  Cancellation  performance  improves  dramatically  with  an  increasing 
numbers  of  taps  or  similarly  with  an  increasing  numbers  of  auxiliaries.  For  a 
single  jammer,  adding  auxiliaries  is  similar  to  adding  taps  where  the  amount  of 
delay  is  given  by  the  propagation  delay  from  one  auxiliary  to  the  next.  In  effect, 
the  extra  spatial  degrees  of  freedom  due  to  the  additional  auxiliaries  are  being 
utilized  as  temporal  degrees  of  freedom  to  help  control  the  frequency  response  at 
the  jammer  location.  If  additional  jammers  were  introduced  at  other  angles  of 
arrival,  then  these  auxiliaries  would  be  called  upon  to  generate  spatial  nulls  at  the 
angles  corresponding  to  those  jammers. 

The  cancellation  performance  for  the  medium  band  case  (0.06  GHz  jammer 
bandwidth)  is  shown  in  Figure  24.  The  SLC  has  more  difficulty  canceling  the 
jammer  over  the  wider  bandwidth.  Adding  one  auxiliary  produced  a  significant 
improvement  in  performance,  but  adding  more  auxiliaries  beyond  that  produced 
little  additional  improvement.  In  fact,  for  more  than  two  taps  per  channel,  the  two 
Aux  SLC  provided  slightly  better  performance  than  the  three  Aux  SLC. 


Figure  23.  Cancellation  ratio  versus  number  of  taps  for  narrowband  jammer 
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Figure  24.  Cancellation  ratio  versus  number  of  taps  for  medium  band 

jammer 

From  this  analysis,  it  is  apparent  that  the  antenna  frequency  response  has  a 
significant  impact  on  the  performance  of  an  SLC.  Knowledge  of  the  antenna 
frequency  response  will  be  crucial  in  predicting  the  performance  of  an  SLC  in 
radar  systems.  These  preliminary  results  show  how  the  cancellation  performance 
depends  on  the  number  of  auxiliary  channels  and  the  number  of  taps  in  each 
channel.  In  this  study,  the  effects  of  the  receiver  have  been  neglected;  therefore, 
future  work  might  include  an  evaluation  of  the  aggregate  effects  of  the  antenna 
and  receiver  frequency  responses.  In  addition,  the  effects  of  the  cross¬ 
polarization  on  cancellation  have  been  ignored  because  the  idealized  reflector 
model  generated  a  negligible  cross-polarization  response.  If  measured  data  were 
collected  on  some  auxiliary-type  antennas,  then  a  full  polarization  analysis  could 
be  performed. 

6.  Conclusions 

All  antenna  architectures  are  designed  to  produce  a  radiated  wave  in  a  given 
direction,  but  the  differences  in  the  implementation  can  produce  significant 
differences  in  the  time-domain  response  of  the  antenna.  These  responses  will 
vary  with  the  beam-scanning  angle  of  the  antenna  and  with  observation  angle. 
Reflector  antennas  have  relatively  simple  impulse  responses  that  will  not  induce 
noticeable  changes  to  transmitted  or  received  waveforms.  However,  as  indicated 
above,  phased  array  antennas  can  have  complex  and  extended  impulse  responses 
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that  have  the  potential  to  modify  the  transmitted  or  received  waveforms  in 
significant  ways. 
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ABSTRACT 

The  ability  to  implement  digital  beamforming  at  each  element  of  a 
phased  array  antenna  system  depends  mainly  on  the  architecture  used  to 
obtain  and  process  the  data  from  the  array.  For  large  phased  array 
antennas,  the  amount  of  processing  required  is  overwhelming  and  is 
currently  unfeasible  even  with  today’s  computing  capabilities.  The  use  of 
phase  shifters  at  the  element  level  and  digital  beamforming  at  the  subarray 
level  reduces  the  amount  of  digital  receivers  required  but  places  a  limit  on 
the  useable  bandwidth  of  the  array  due  to  frequency  squinting  effects.  This 
paper  will  describe  a  wideband  beamforming  concept  that  combines  analog 
True  Time  Delay  (TTD)  steering  at  the  element  level  and  digital  TTD 
beamforming  following  each  of  16  subarrays.  The  antenna  array  is  designed 
to  operate  over  a  1  -  4  GHz  bandwidth,  with  each  subarray  consisting  of  36 
flared  notch  radiating  elements  on  a  rectangular  grid  with  inter-element 
spacing  of  1.8  inches.  Each  subarray  incorporates  six,  6-bit  TTD  networks 
using  Surface  Mount  (SM)  GaAs  switches,  5-bit  SM  digital  attenuators  and 
6-way  Wilkinson  power  dividers.  The  digital  beamformer  is  designed  using 
Field  Programmable  Gate  Array  (FPGA)  technology  and  is  capable  of 
operating  over  a  400  MHz  instantaneous  bandwidth  with  an  A/D  sampling 
rate  of  1  GHz.  The  design  and  various  concepts  of  this  phased  array  system 
will  be  discussed  as  well  as  some  preliminary  performance  measurements 
from  the  antenna  system. 
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1.0  INTRODUCTION 


The  ability  for  a  phased  array  to  operate  over  a  wide  instantaneous 
bandwidth  requires  both  the  elements  and  the  beamformer  to  have 
characteristics  that  maintain  their  beam  integrity  over  the  required  bandwidth. 
In  the  case  of  the  antenna  element,  VSWR  characteristics  and  pattern  shape 
(no  multimode)  are  optimized  over  the  operating  bandwidth,  while  the 
beamformer  used  behind  the  elements  typically  incorporate  some  method  of 
true-time  delay  to  reduce  the  effects  of  beam  squint.  A  standard  method  to 
minimize  the  required  time-delay  circuitry  requires  separating  the  array  into 
discrete  subarrays,  where  each  subarray  is  dimensioned  according  to  the 
bandwidth  of  the  system  [1].  Even  though  the  subarray  utilizes  phase  shifters 
(no  time  delay)  in  its  beamformer,  the  subarray  is  dimensioned  such  that  the 
beam  squint  due  to  the  subarray  is  less  than  a  quarter  of  the  3  dB  beam  width 
[2].  The  subarrays  are  then  coupled  using  a  series  of  true  time  delay  switched 
cable  networks  or,  more  recently,  utilize  modem  optical  techniques  to  provide 
for  the  correct  time  delay  between  each  subarray  [3].  In  either  case,  the  effect 
of  phase  shifters  at  the  element  level  can  cause  large  sidelobes  for  wideband 
signals  in  addition  to  some  degree  of  beam  squint.  To  eliminate  these  effects, 
analog  true-time  delay  has  been  implemented  at  the  element  level  in  each 
subarray  while  digital  tme-time  delay  has  been  implemented  at  the  subarray 
level.  The  purpose  of  this  paper  is  to  discuss  the  use  of  analog  tme  time  delay 
steering  at  the  element  level  while  implementing  wideband  Digital 
Beamforming  Techniques  at  the  subarray  level.  Therefore,  the  paper  is  broken 
up  into  two  distinct  parts;  the  first  7  sections  discuss  the  analog  components  of 
the  array  while  the  last  3  sections  discuss  the  digital  aspects  of  the  array. 

2.0  ARRAY  DESIGN  OVERVIEW 

The  array  being  developed  consists  of  576  active  receive  elements  which 
are  configured  as  sixteen,  36  element  subarrays.  The  array  is  designed  to 
operate  over  a  1  -  4  GHz  bandwidth  and  have  an  instantaneous  bandwidth  of 
400  MHz.  Each  subarray  consists  of  36  wideband,  horizontal  polarized 
elements  that  are  placed  on  a  6  x  6  rectangular  lattice  with  1.8  inch 
interelement  spacing.  The  1.8-inch  interelement  spacing  allows  for  60  degree 
(azimuth  or  elevation  plane)  scanning  at  the  highest  frequency  (4  GHz) 
without  introducing  any  grating  lobes.  The  36-element  layout  (including 
TTDs  and  power  dividers)  is  shown  in  Figure  1.  The  front  view  of  the  array, 
showing  its  general  shape,  is  shown  in  Figure  2.  The  array  is  constructed 
from  individual  boards  that  contain  6  wideband  elements,  36  TTD  circuits,  6 
RF  amps,  6  digital  attenuators,  a  6-way  power  divider  and  the  associated 


digital  switching  logic.  Figure  3  displays  both  the  entire  array  and  the  RF 
receivers.  Each  of  the  subarrays  is  connected  to  an  RF  receiver  through  a 
series  of  phase-matched  cables  as  seen  in  Figure  3. 


Figure  1.  36-element  subarray 


Figure  2.  576-element  array  outline 
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Figure  3.  576  element  1-  4  GHz  phased  array  antenna 
with  digital  receivers  displayed 


3.0  SUBARRAY  -  TTD  DESIGN 

Because  of  the  cost  and  complexity  of  placing  an  A/D  device  behind  each 
of  the  576  elements,  16  subarrays  with  36  elements  each  are  used.  Behind 
each  element  is  a  6-bit  switched  line  TTD,  a  5-bit  digital  attenuator  for 
amplitude  control  and  a  broadband  MMIC  amplifier.  Figure  4  shows  a 
drawing  of  a  typical  delay  line  used  on  the  board.  Figure  5  shows  a  prototype 
delay  line  with  its  delay  paths  highlighted  for  clarity.  Each  delay  bit  has 
associated  with  it  two  SPDT  surface-mount  GaAs  switches.  The  switches  are 
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configured  to  have  either  a  through  path  or  a  specified  delayed  path.  For  the 
subarray  size  chosen,  the  total  delay  required,  to  allow  for  scanning  in  both 
planes  (60  degrees  azimuth,  60  degrees  elevation),  requires  slightly  less  than  1 
nsec  of  delay.  Each  subarray  card  utilizes  coplanar  waveguide  techniques  to 
facilitate  the  mounting  of  the  electronics  components  required  on  each  card. 
Each  card  consists  of  a  mutli-layer  circuit  board  comprised  of  a  single  layer  of 
Taconic  RF35  material  and  a  single  layer  of  FR4  material.  All  RF  components 


Figure  5.  Prototype  delay  line 
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and  circuitry  are  made  on  the  Taconic  board  while  all  DC  and  switching 
signals  are  routed  through  the  FR4  board.  Figure  6  shows  the  DC  connections 
to  the  TTD  circuit.  The  switch  that  is  currently  used  in  the  TTD  circuit  is  an 
ITT  C02AB  (discontinued)  distributed  by  GASTEK  (now  MACOM). 


Figure  6.  Prototype  board  showing  DC  connections  to  switching  network 


A  6-bit  prototype  TTD  circuit  was  designed  using  Touchstone™  and  was 
constructed  using  AUTOCAD™  and  Camtastic^M  software.  Computed  and 
measured  values  of  the  delay  for  various  bit  states  are  given  in  Table  1.  The 
measured  delays  are  calculated  from  the  slope  of  the  phase  data  shown  in 
Figure  7.  All  measured  delays  were  slightly  longer  than  what  was  designed 
for,  possibly  due  to  the  inclusion  of  microstrip  bends  instead  of  coplanar 
waveguide  bends.  This  was  due  to  the  limitation  of  the  Touchstone™ 
software.  A  second  prototype  is  being  designed  using  ANSOFT™  HFSS  to 
model  the  coplanar  waveguide  bends  more  accurately. 
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Table  1.  Measured  and  calculated  delay  for  the  TTD  circuit 


Bit  State 

Calculated  Delay 
(psec) 

Measured  Delay 
(psec) 

1 

15 

23.9 

2 

30 

39.7 

3 

60 

68.8 

4 

120 

169 

5 

240 

288 

6 

480 

511 

Bit  6 


Bits 


Bit  4 

Bits 
Bit  2 
Bit  1 


1  1.5  2  2.5  3  3.5  4 

Frequency  (GHz) 

Figure  7.  Phase  delay  plot 

To  provide  amplitude  control  for  aperture  weighting  and  calibration,  a 
broadband  GaAs  digital  attenuator  is  incorporated  at  each  element.  This 
attenuator  is  a  Hittite  model  HMC306MS10  with  5  bits  and  1  dB  LSB. 
Typical  characteristics  (less  insertion  loss)  are  shown  in  Figure  8  for  various 
bit  states.  An  improved  version  of  this  attenuator  (HMC306MS10),  which  has 
less  insertion  loss  and  a  0.5  dB  LSB  is  available  in  September  2000  and  will 
be  incorporated  into  the  final  array. 


no 
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Figure  8.  Attenuator  amplitude  vs.  frequency 

4.0  ELEMENT  DESIGN 

The  element  design  is  based  on  a  rectangular  spacing  of  1.8  inches  in  both 
planes  and  utilizes  a  flared  notch  construction  that  incorporates  a  double  Y 
balun  to  transform  from  a  coaxial  input  to  a  slot  radiator.  The  6-element  drray 
is  shown  in  Figure  9  and  the  details  of  the  balun  are  shown  in  Figure  10. 


Figure  9.  6  wideband  flared  notched  elements 
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Figure  10.  Closeup  view  of  the  double  Y  balun 


The  design  of  the  double  Y  balun  was  developed  using  Ansoft™  HFSS 
software;  their  respective  VSWR  and  transmission  plots  are  shown  in  Figures 
11  and  12.  To  model  the  performance  of  the  double  Y  bauln,  two  baluns  were 
modeled  back  to  back  as  shown  in  Figure  13.  The  transmission  data  presented 
in  Figure  12  represents  the  transmission  through  two  baluns.  Therefore,  the 
actual  loss  of  a  single  balun  is  half  of  what  is  shown  in  Figure  12. 


Figure  11.  Calculated  input  VSWR  of  a  double  Y  balun 


Since  the  design  of  the  wideband  element  requires  6  elements  to  be  fed 
actively  to  incorporate  the  mutual  coupling  effects,  active  VSWR 
measurements  are  not  possible  at  this  time.  The  only  6-way  power  divider 
available  at  these  frequencies  is  a  Wilkinson  power  divider,  which  gives  good 
results  even  when  the  output  of  the  divider  is  terminated  in  open/short  circuit. 
To  estimate  the  VSWR  of  the  balun  transition,  a  network  analyzer  is  used  in 
the  time-domain  mode  to  display  the  effective  VSWR.  Figure  14  shows  the 
time-domain  plot  over  the  1-4  GHz  frequency  range.  Using  gating  techniques 
available  on  the  network  analyzer,  the  VSWR  vs  frequency  is  plotted  in 
Figure  15.  The  first  reflection  shown  in  Figure  14  is  due  to  the  balun  and  has 
a  return  loss  of  —20  dB.  This  corresponds  to  a  VSWR  of  1.2:1  (averaged  over 
the  1-4  GHz  frequency  range)  and  matches  the  average  calculations  presented 
in  Figure  11.  The  second  response  is  that  of  the  element  transition  to  free 
space.  The  return  loss  of  -10  dB  represents  an  averaged  VSWR  of  2.0:1, 
which  is  typical  for  this  type  of  antenna  element. 


Figure  12.  Calculated  transmission  loss  for  back-back 
double  Y  baluns 
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Return  Loss  (dB) 


Figure  13.  Back  to  back  double  Y  balun  configuration 


Figure  14.  Time  response  of  antenna  /  balun 


Figure  15.  VSWR  of  balun  input 


5.0  6- WAY  POWER  DIVIDER  DESIGN 


The  6-way  power  divider  in  Figure  16  was  designed  using  the 
Touchstone'*'’^  software  package.  Since  our  current  version  of  Touchstone"™ 
doesn’t  model  co-planar  waveguide  bends,  microstrip  bends  where  utilized 
instead.  The  power  divider  is  based  on  a  Wilkinson  design  that  utilizes 
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resistors  in  each  line  to  isolate  each  channel  output.  In  this  design  200-ohni 
and  lOO-ohm  resistors  were  used.  The  power  divider  is  constructed  to  provide 
equal  amplitude  and  delay  across  each  of  the  six  output  ports.  Figures  17  and 
18  show  the  relative  amplitude  and  phase  plots  for  the  measured  response  of 
the  divider.  Figure  19  shows  the  prototype  divider  with  a  6-element  array 
attached. 

Measurements  show  that  the  outer  two  ports  are  unbalanced  in  amplitude 
by  0.5  dB  and  differ  in  electrical  line  length  by  approximately  0.3  inches.  A 
new  design,  using  ANSOFT  ™  HFSS  to  model  the  co-planar  waveguide 
bends,  is  currently  being  developed. 
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1.2 


Inner  4  Ports 


Outer  2  Ports 


Figure  17.  Relative  amplitude  vs  frequency  for  the  6-way  power  divider 


Outer  2  Ports 


Inner  4  Ports 


Figure  18.  Relative  phase  vs  frequency  for  the  6-way  power  divider 
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Figure  19.  6-way  power  divider  with  6-elenient  array  attached 


6.0  MEASURED  PATTERNS 

A  series  of  pattern  measurements  were  made  on  the  6-element  array  and 
are  shown  in  Figures  20  —  22.  The  array  was  configured  with  the  power 
divider,  as  shown  in  Figure  19,  and  measurements  of  the  H-plane  and  E-plane 
patterns  were  taken.  Also  shown  is  the  cross  polarization  patterns  taken  in  the 
E-plane  (Figure  22).  The  measurements  were  taken  in  the  NRL  Compact 
Range  Facility  over  a  2  -  4  GHz  range.  Both  the  E-plane  and  H-plane  plots 
show  representative  patterns  for  this  type  of  antenna  element.  The  cross 
polarization  patterns  show  levels  between  20  and  25  dB  at  broadside. 


Figure  21.  Co-] 
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Figure  22.  Cross-polarization  E-plane  plots  for  2,3  and  4  GHz 


7.0  RF  RECEIVER  DESIGN 

The  double-conversion  receiver  design  is  shown  in  Figure  23.  The  RF 
input  is  first  upconverted  to  8.7  GHz  by  LO  1  and  then  downconverted  by  LO 
2  to  produce  a  signal  centered  at  750  MHz  IF  with  a  400  MHz  bandwidth. 
This  signal  is  then  routed  to  an  analog-to-digital  (A/D)  receiver  in  the  digital 
processor.  Figure  24  shows  the  prototype  RF  receiver. 


BPF1  RFAMPI  MIXER  1  ISOLATOR  1  BPF2  IF  AMP  1  BPF3  MIXER  2 


8.46  QHZ 


>(A) 


BW'^  B  400  MHz 


To  MD  Input 
-2  dBm  max. 
(SOOmVpi)) 


Figure  23.  Double  conversion  receiver  design 
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Figure  24.  Prototype  receiver  layout 


8.0  DSP  FILTERING  AND  DEMODULATION  STRATEGY 


Figure  25  contains  a  series  of  frequency-domain  plots  that  show  the 
stages  through  which  the  signal  is  transformed  as  it  passes  through  the  DSP 
portion  of  the  system,  which  is  depicted  in  Figure  26.  The  analog  IF  is  first 
sampled  at  a  1  GHz  rate.  Equalization  filtering  and  time-delay  filtering,  both 
of  which  can  be  designed  with  second-order  cone-programming  techniques 
[4],  follow  immediately  and  are  shown  in  the  figure  as  a  single  "real  digital 
filtering"  operation  for  simplicity.  Equalization  compensates  for  receiver-to- 
receiver  variations  in  the  analog  receiver  components  through  which  the 
signal  passed  before  sampling.  The  frequency  response  of  the  time-delay 
filtering  approximates  a  linear  phase  in  the  +550  MHz  to  +950  MHz  band  and 
is  designed  so  that  the  effect  on  the  signal  is,  for  practical  purposes,  equivalent 
to  a  pre-sampling  delay. 


12i 


+ 


i 


+ 


i 


ANALOG  IF 
-►  (f^  =  750MHz) 

SAMPLE  CLOCK 
(1  GHz) 


SAMPLED  IF 
jL-^  (1  GSPS) 

""  ^  REAL  DIGITAL 
- ►  FILTERING 


COMPLEX  DIGITAL 
>  FILTERING 


ANALYTIC  SIGNAL 


DECIMATED 
ANALYTIC  SIGNAL 


SAMPLED  COMPLEX 
ENVELOPE 


500  750  1000 


FREQUENCY  (MHz) 


Figure  25.  I/Q  demodulation  strategy 

Different  impulse  responses  can  be  loaded  into  the  filter  to  effect  the 
different  delays  needed  in  each  channel  for  beamsteering.  To  realize  multiple 
beams,  this  and  all  succeeding  DSP  operations  must  be  duplicated  for  each 
desired  beam.  It  should  be  noted  here  that  this  technique  would  not  form 
totally  independent  beams.  Since  beamsteered  subarrays  are  used,  the  digital 
beamformer  is  restricted  to  forming  squinted  beams  in  the  same  general 
direction  that  the  subarray  beams  are  pointing.  To  produce  independent 
beams,  either  the  subarrays  need  to  form  more  than  one  beam,  or  the  receivers 
and  A/Ds  need  to  be  placed  behind  every  element,  abandoning  subarrays 
altogether.  This  is  the  extent  of  the  processing  that  must  be  done  for  each 
receiver  output.  The  beamforming  sum  then  combines  the  digitally  processed 
receiver  outputs  into  a  single  digital  IF  signal. 

Note  that  I/Q  demodulation  of  the  signal  does  not  occur  until  after  the 
beam  is  formed.  This  simplifies  the  processing  by  only  requiring  this  function 
to  be  performed  once  per  beam,  as  opposed  to  performing  it  sixteen  times 
(once  for  every  receiver  output).  I/Q  demodulation  of  the  beamformed  digital 
IF  signal  produces  complex-envelope  samples  of  the  form  I+jQ  through  a 
number  of  steps  [5].  The  first  step  is  filtering  with  a  complex  impulse 
response,  corresponding  here  to  a  frequency  response  (see  "complex  digital 
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filtering"  in  Figure  25)  that  is  not  symmetric  about  the  origin,  in  order  to 
remove  the  IF  signal's  spectral-image  component,  shown  in  the  figure  with 
dashed  lines.  This  image-suppression  filtering  produces  a  signal,  here  loosely 
termed  "analytic"  for  its  one-sided  spectrum  (within  an  origin-centered 
spectral  period),  that  can  be  decimated  to  a  500  MHz  rate  and  then  is  shifted 
in  frequency  by  250  MHz  to  produce  the  desired  output  samples.  If  desired, 
some  band  shaping  can  be  included  in  the  image-suppression  filter  [6], 
perhaps  to  compensate  for  the  average  distortion  expected  from  the  analog 
receiver  components. 

9.0  DIGITAL  HARDWARE  IMPLEMENTATION 

The  signal  processing  described  above  assumes  that  the  digital  hardware 
can  support  a  1  GHz  sample  rate.  Since  commercially  available  components 
cannot  support  this  rate,  the  processing  will  be  performed  using  polyphase 
techniques.  Figure  26  shows  a  block  diagram  of  the  digital  hardware  being 
developed. 

The  8-bit,  1  GHz  output  of  the  A/D  converter  will  first  pass  through  a 
DEMUX  process,  which  demultiplexes  the  data  stream  by  a  factor  of  8, 
producing  64  bits  (representing  eight  consecutive  1  GHz  data  samples)  at  125 
MHz.  This  data  then  passes  through  several  field-programmable  gate  arrays 
(FPGAs),  which  implement  the  polyphase  digital  filters  required  for 
equalization  and  time  delay  and  the  running  sum  for  the  beamformed  output, 
as  described  in  the  previous  section.  After  the  beam  is  formed,  another  FPGA 


I  o 


Figure  26.  Digital  processing  for  one  beam 
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implements  the  filters  required  for  I/Q  demodulation.  As  can  be  seen  in 
Figure  27,  multiple  beams  can  be  formed  by  duplicating  the  hardware  after  the 
equalization  filters.  In  each  channel,  the  output  of  the  equalization  filter  is 
sent  to  two  time-delay  and  beam-combining  circuits  to  form  two  beams.  It  is 
currently  planned  to  use  million-gate  Xilinx  Virtex  FPGAs  to  implement  the 
processor.  These  should  be  able  to  support  125  MHz  clock  rates. 

Figure  28  shows  how  a  16-tap  FIR  filter  could  be  realized  in  polyphase 
form.  On  each  125  MHz  clock  edge,  64  bits  (corresponding  to  eight  1  GHz 
A/D  samples  in  parallel)  will  be  clocked  into  a  three-stage  shift  register, 
providing  delayed  8-bit  data  samples  D0,...,D23.  Before  the  next  clock  edge, 
the  sixteen  filter  coefficients  (CO,..., Cl 5)  are  multiplied  by  sixteen  contiguous 
data  samples  and  summed  to  form  a  filter  output.  Eight  such  filters  need  to  be 
computed  simultaneously,  where  the  data  samples  input  to  each  filter  are 
offset  by  one  1  GHz  clock  period  (that  is  OUTO  is  produced  by  data  samples 
D0,...,D15,  OUTl  is  produced  by  samples  D1,...,D16,  etc.). 
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Figure  27.  Digital  processing  for  two  beams 
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Figure  28.  Poylphase  implementation  of  a  16-tap  FIR  filter 


10.0  ARRAY  -  PATTERN  OPTIMIZATION 

The  flexibility  of  the  hardware  will  support  several  types  of  experiments 
in  the  use  of  optimized  array  patterns.  The  primary  design  goal  of  the  system 
is  to  support  the  first  of  these. 


Wideband  steering  of  a  narrowband  pattern  design  -  A  narrowband 
boresight  pattern  at  the  lower  band  edge  will  first  be  designed  as  the  usual 
linear  combination  of  element  outputs,  leading  to  a  wideband  pattern  in  which 
the  beamwidth  narrows  with  increasing  frequency.  This  wideband  pattern  can 
be  realized  with  the  analog  attenuators  and  steered  with  true  time-delay  using 
a  combination  of  switched  analog  delay  lines  on  individual  elements  and 
digital  time-delay  filters  in  each  subarray  receiver. 


Shaped  off-axis  narrowband  beams  -  A  narrowband  beam  can  be  designed 
for  a  particular  pointing  angle  and  with  main-beam  shape  and  sidelobe 
characteristics  traded  off  as  desired  (subject  to  geometrical  constraints).  For 
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example,  at  some  sidelobe  cost,  a  circular  main-beam  shape  is  possible  far  off 
boresight,  and  stopband  attenuation  can  be  made  greater  in  more-important 
directions,  perhaps  corresponding  to  known  interference  sources.  Such  beams 
are  not  useful  over  a  wide  band  as  they  will  squint  with  frequency,  nor  are 
they  really  suitable  for  steering.  The  idea  is  simply  to  load  a  particular  pre¬ 
designed  custom  beam  for  each  desired  look  direction.  Analog  attenuation  and 
phase  shifts  are  adequate  for  realization  of  such  beams. 

Wideband  beams  jointly  shaped  in  space  and  frequency  -  If  the  subarrays 
are  given  a  common,  fixed  subarray  pattern,  that  pattern  can  be  considered  the 
"element  pattern"  of  what  is  in  effect  a  sixteen-element  array  with  custom- 
loadable  digital  filters  (the  "time-delay"  filters)  on  each  element.  Then  array 
patterns  can  be  formed  by  combining  element  outputs  processed  through 
individual  custom  frequency  responses  rather  than  simply  with  attenuation 
and  phase  shift.  A  pattern  so  formed  need  not  scale  only  with  frequency. 
Instead  it  can  be  designed  to  a  desired  behavior  (within  reasonable  limits)  as  a 
function  of  frequency  and  direction-of-arrival  variables. 

It  is  well  known  that  array  functions  for  simple  narrowband  linear  arrays 
behave  mathematically  like  FIR-filter  frequency  responses.  Indeed,  the 
techniques  for  optimization  of  FTR  filters  [4,7]  apply  directly  to  such  array 
patterns  and  can  be  generalized  to  multi-dimensional  and  wideband  arrays. 
Early  experiments  have  shown  that  with  the  right  strategies  [8],  narrowband 
patterns  for  arrays  of  a  few  hundred  elements  can  be  optimized  in  a  quarter  to 
half  an  hour  on  ordinary  office  computers  equipped  with  perhaps  slightly 
extraordinary  amounts  of  memory.  Optimization  of  PER  frequency  responses 
for  the  elements  of  a  wideband  array  is  more  involved.  A  companion  paper 
explores  some  of  the  issues  [9]. 

11.0  SUMMARY 

The  Radar  Division  at  the  Naval  Research  Laboratory  is  developing  a 
wideband  receive  array  which  incorporates  6-bit  analog  true  time-delay 
beamsteering  at  the  element  level  and  digital  true  time-delay  at  the  subarray 
level.  The  system  will  support  a  400  MHz  instantaneous  bandwidth  over  a  1  - 
4  GHz  operating  frequency.  Commercially  available  components  are  being 
utilized  in  both  the  RF  and  digital  portions  of  the  receive  array.  This  includes: 
switches,  attenuators  and  RF  amplifiers  and  the  FPGAs  to  process  the  1  GHz 
A/D  data.  The  final  system  will  be  used  as  a  testbed  to  demonstrate  optimal 
beamforming  techniques,  which  are  currently  under  development.  This  work 
is  being  performed  under  ONR  base  funding  at  NRL. 
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Abstract 

It  has  been  shown  that  it  is  possible  to  design  an  electrically  small  resonant 
antenna  using  a  genetic  algorithm  (GA).  In  this  paper  the  mutual  coupling 
between  small  genetic  antennas  is  investigated  and  compared  with  that  of 
resonant  monopoles.  The  mutual  coupling  is  weaker  for  the  genetic 
antennas. 


1.  Introduction 

One  of  the  most  challenging  problems  in  antenna  design  is  that  of  the  electrically 
small  antenna  [1-9].  Wheeler[l]  defines  a  small  antenna  as  one  whose  maximum 
dimension  is  less  than  the  “radianlength”  which  is  \/2k  wavelength.  The 
associated  volume  is  often  defined  as  a  “radiancube  with  a  radianlength  equal  to 
the  side  of  the  cube,  or  a  radiansphere  with  the  radianlength  equal  to  the  radius  of 
the  sphere.  Chu  [2]  defined  the  electrical  size  of  the  antenna  in  terms  of  a  sphere 
of  radius  a/X,  within  which  the  antenna  is  enclosed.  This  definition  is  convenient 
for  the  analysis  of  antennas  when  the  fields  are  represented  by  spherical  wave 
functions.  For  this  investigation  we  define  the  size  of  the  antenna  as  that  enclosed 
within  a  cube  of  height,  hJX  over  an  infinite  ground  plane.  Thus  the  total  volume 
within  which  the  equivalent  antenna  in  free  space  is  confined  is  2  (h/X)  This 


128 


definition  is  chosen  because  the  computations  are  done  with  the  Numerical 
Electromagnetics  Code  (NEC)  [10],  which  uses  Cartesian  coordinates. 

The  parameter  which  characterizes  the  bandwidth  of  a  small  resonant  antenna  is 
the  quality  factor,  Q,  which  is  defined  as  the  ratio  of  the  resonant  frequency  of  the 
antenna  to  the  frequency  difference  at  which  the  radiated  power  decreases  to  Yi 
that  at  resonance.  The  lower  the  Q,  the  more  broadband  the  antenna.  The  main 
problem  in  small  antenna  design  is  that  as  the  size  of  the  antenna  is  decreased  its 
radiation  resistance  approaches  zero  and  its  reactance  approaches  plus  or  minus 
infinity  depending  on  whether  it  behaves  as  an  inductance  (loop)  or  as  a 
capacitance  (monopole)  off  resonance.  Most  small  antennas  are  inefficient  and 
non-resonant  and  thus  require  matching  networks.  The  GA  produces  an  antenna 
configuration  for  which  the  capacitive  and  inductive  coupling  between  the  wire 
segments  cancel,  thus  achieving  resonance.  The  far-field  pattern  is  predominantly 
that  of  a  vertical  electric  dipole  and  a  horizontal  magnetic  dipole. 

In  this  investigation  the  mutual  coupling  of  a  pair  of  antennas  is  computed  and 
measured.  The  computations  are  done  for  the  antenna  over  an  infinite  ground 
plane;  the  measurements  are  conducted  over  a  square  ground  plane  that  is  4  ft  x  4 
ft  (1.22  mx  1.22  m)  or  about  1.6  ^  on  a  side.  Reflections  off  the  edge  of  the 
ground  plane  affect  the  impedance  and  its  finite  size  prevents  the  radiation  pattern 
from  having  a  maximum  along  the  horizon.  However,  this  limitation  should  not 
have  a  significant  affect  on  the  mutual  coupling.  The  mutual  coupling  between  a 
pair  of  resonant  monopoles  is  also  measured  for  comparison. 

2.  Approach 

We  use  a  genetic  algorithm  (GA)[1 1,12]  in  conjunction  with  the  NEC  to  search 
for  resonant  wire  configurations  that  best  utilize  the  volume  within  which  the 
antenna  is  confined.  The  objective  of  this  optimization  is  to  minimize  the  Voltage 
Standing  Wave  Ratio  (VSWR)  and  corresponding  Q  of  an  electrically  small 
resonant  antenna.  In  order  to  obtain  a  resonant  antenna,  the  total  length  of  the 
wire  should  be  at  least  X./4.  Thus,  as  the  size  of  the  cube  within  which  the  antenna 
is  enclosed  is  decreased,  more  wire  segments  have  to  be  used.  Intuitively,  the 
antenna  should  consist  of  wires  that  are  orthogonal  where  possible  and  which  do 
not  contain  parallel  wires  that  are  too  close  together.  The  GA  optimization  was 
done  at  about  400  MHz.  We  obtained  a  set  of  small  genetic  antennas  that  had 
from  two  to  ten  segments  connected  in  series  and  were  enclosed  within  a  cube  of 
approximately  .IX.  down  to  .03X  on  a  side.  The  computed  configurations  have 
been  built  and  tested.  The  corresponding  Qs  and  VSWRs  increased  from  about 
16  and  2.0  to  about  350  and  90  respectively.  The  radiation  patterns  for  these 
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antennas  were  elliptically  polarized  and  had  near  hemispherical  coverage.  The 
impedance  and  VSWR  were  measured  with  a  Hewlett-Packard  Model  8510 
Network  Analyzer. 


For  this  investigation  we  chose  a  pair  of  7-segment  genetic  antennas  as  is  shown 
in  Fig.  1 .  The  computed  parameters  for  this  antenna  are  as  follows.  The  resonant 
frequency  is  about  403  MHz;  its  input  impedance  is  2.7  ohms  and  VSWR  is  18.5. 
It  has  a  Q  of  102.  Its  physical  size  is  contained  within  a  cube  of  3.3  cm  on  a  side, 
thus  it  has  an  electrical  size  of  about  .045A,.  Two  antennas  were  then  fabricated. 
Because  of  the  complexity  of  the  shape,  it  was  very  difficult  to  obtain  exact 
replicas  of  the  model.  These  antennas  had  a  resonant  frequency  at  383  MHz,  an 
input  impedance  of  2.5  ohms,  a  VSWR  of  20  and  a  Q  of  1 10.  The  actual  size  of 
the  fabricated  antenna  had  a  maximum  dimension  of  3.15  cm,  thus  its  electrical 
size  was  .040y\,. 

The  mutual  coupling  is  determined  from  the  scattering  matrix,  where  Su  and  S22 
are  the  reflection  coefficients  for  the  signals  from  a  50-ohm  line  into  the  antennas 
and  S12  and  S21  are  the  transmission  coefficients  between  antennas.  The  mutual 
coupling  is  the  magnitude  of  the  signal  that  is  coupled  from  one  antenna  to  the 
other,  with  both  antennas  matched.  For  the  computations  the  scattering 
parameters  cannot  be  determined  directly;  they  must  be  obtained  from  the 
impedance  matrix.  The  impedance  parameters  are  computed  using  the 
symmetric-antisymmetric  method  [13].  The  scattering  parameters  can  be 
measured  directly  using  the  HP85 10  Network  Analyzer.  If  the  antennas  were 
matched  to  the  transmission  line  then  the  coupling  would  be  Si 2.  However,  for 
both  computations  and  measurements  we  have  to  take  the  mismatch  into  account. 

Defining  the  coupling  as 


takes  the  mismatch  of  the  transmitting  antenna  into  account. 

The  mismatch  of  the  receiving  antenna  can  be  approximately  taken  into  account 
by  dividing  again  by  1- 1  ‘S’,,  p  to  give 


2\2 


(1-1*5.,  r) 


(2) 


which  becomes  more  accurate  with  increased  spacing  between  the  antennas. 
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3.  Results 


The  mutual  coupling  between  genetic  antennas  was  computed  with  NEC2  and 
measured  as  a  function  of  element  spacing,  which  was  varied  from  about  .125  to 
.40X,.  The  results  are  summarized  in  Fig.  2.  We  show  the  computed  and 
measured  mutual  coupling  for  unmatched  antennas.  Although  the  agreement  is 
only  fair,  the  decrease  in  coupling  as  a  function  of  separation  is  excellent.  The 
approximate  coupling,  which  is  corrected  for  the  mismatches,  is  also  shown  for 
both  the  computations  and  measurements.  For  comparison,  the  mutual  coupling 
between  a  pair  of  resonant  monopoles  is  included.  Since  the  resonant  monopoles 
are  reasonably  well  matched,  a  mismatch  correction  is  unnecessary.  Note  that  the 
coupling  between  genetic  antennas  is  generally  weaker  for  separations  greater 
than  0.1  X.  For  closer  spacing,  the  mutual  coupling  for  matched  genetic  antennas 
cannot  be  accurately  determined. 
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•  X  -  0.050  Theta  =  45 

*  Y  «  0.100  Phi  -  300 

Z  -  0.000  


Figure  1  Pair  of  seven-wire  genetic  antennas 
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Mutual  Coupling  (dB) 
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ABSTRACT 

The  cellular  scanning  concept  for  satellite  communications  in  the  context 
of  the  invention  of  the  Geodesic  Sphere  Phased  Array  Antenna  system  [  1  ]  is 
described.  The  phased  array  architecture  consists  of  a  multiplicity  of  planar 
triangular  subarrays  arranged  in  the  geodesic  sphere  configuration.  Two  specific 
practical  architectures  -  one,  based  on  the  regular  icosahedron,  a  Platonic  solid  and 
the  other  based  on  the  truncated  icosahedron  -  an  Archimedean  solid  are 
considered.  The  communication  space  of  the  entire  sky  is  subdivided  into  smaller 
cellular  regions  corresponding  to  the  geodesic  sphere  arrangement.  An  appropriate 
section  of  contiguous  subarrays  is  energized  to  form  a  beam  to  scan  the 
corresponding  cellular  space.  Two  representative  practical  phased  array  antennas 
for  low  earth  orbit  satellite  tracking  and  communications  are  considered  and 
preliminary  design  parameters  are  outlined  and  discussed. 

1.  INTRODUCTION 

There  exists  an  important  need  for  low  cost  efficient  and  affordable  phased 
array  antenna  for  tracking  and  communications  with  satellites  in  Low  Earth  Orbit 
(LEO),  Medium  Earth  Orbits(MEO)  and  Geosynchronous(GEO)  orbits  from 
mobile  or  fixed  platforms  on  earth.  At  minimum,  the  phased  array  should  be  able 
to  track  and  communicate  from  a  fixed  platform(  the  home  of  an  ordinary  citizen  of 
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the  world )  with  a  moving  satellite  and  be  able  to  switch  from  horizon  to  horizon 
momentarily  ( inertialess  )  from  the  setting  satellite  to  the  rising  satellite  without 
interruptions  in  communications. 

2.  THE  INVENTION 

This  paper  describes  the  invention[  1-2  ]  and  applications  of  a  new  phased 
array  architecture  —  the  Geodesic  Sphere  Phased  Array  Antenna  system  that  has 
several  advantages  in  terms  of  construction,  operation,  performance  and 
maintenance.  The  array  consists  of  equilateral  or  substantially  equilateral  triangular 
subarray  panels  organized  in  a  geodesic  sphere  configuration  based  on  the 
icosahedron,  a  Platonic  solid,  or  a  truncated  icosahedron,  an  Archimedean  solid.  A 
schematic  of  the  geodesic  sphere  phased  array  antenna  architecture  based  on  the 
icosahedron  is  shown  in  Figure  1.  The  geodesic  sphere  structure  could  be  derived 
from  other  regular  (  Platonic )  solids  or  semi-regular  ( Archimedean )  solids[  1  ]. 


Figure  1  A  schematic  of  a  Geodesic  Sphere  Phased  Array  Antenna 
architecture 
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3 .  THE  INVENTION  IN  HISTORICAL  PERSPECTIVE 


This  year  2000  marks  the  100  hundredth  anniversary  of  the  invention  and 
application  of  Array  Antennas.  It  was  approximately  in  the  later  half  of  1900  that 
Marconi  decided  to  use  special  arrays  of  the  grounded  monopole  Marconi  antenna 
to  radiate  sufficient  wireless  power  to  signal  across  the  Atlantic  ocean.  Sir  John 
Ambrose  Fleming,  the  inventor  of  the  vacuum  diode,  who  as  the  technical  advisor 
to  Marconi  designed  the  first  transatlantic  wireless  transmitter  at  Poldhu,  Cornwall, 
England  provides  a  rare  first  hand  inside  view  of  the  design  effort  for  this  first  array 
antenna[  3  ]. 

Over  fifty  years  later,  after  the  radar  was  invented  deployed  and  successfully 
used  for  defense  purposes  during  the  second  world  war,  practical  needs  developed 
for  electronically  scannable  phased  array  antennas  for  searching  and  tracking  aerial 
vehicles  and  objects  in  the  entire  sky  with  high  power  and  narrow  beams  in  the 
microwave  frequency  range.  Driven  by  this  defense  need,  a  considerable  amount 
of  effort  has  been  spent  in  the  research,  development  and  deployment  of  phased 
array  antenneis  capable  of  electronically  scanning  the  entire  sky  or  a  major  portion 
of  it.  In  1965  Knittel  published  a  paper[  4  ]  describing  the  division  of 
hemispherical  communication  space  into  multiple  parts  and  providing  for  planar 
phased  arrays  on  the  faces  of  a  pyramid  or  a  frustum  of  a  pyramid,  each  face 
covering  one  such  divided  space.  Knittel's  work  was  revisited  some  thirty  years 
later  by  Wu[  5  ]  to  consider  optimum  choice  of  the  number  of  planar  phased  arrays 
based  on  several  array  performance  criteria.  Chethik[  6  ]  in  a  recent  patent, 
described  a  cluster  of  three  planar  phased  arrays  on  the  faces  of  a  pyramid,  and 
placed  with  an  appropriate  angular  tilt  to  provide  satellite  communications  at 
20GHz  frequency  band. 

Side  by  side,  attention  has  also  been  focused  on  spherical  phased  arrays  since 
the  1960s[  7  -14  ].  Field  analysis  has  been  carried  out  using  electromagnetic  fields 
expressed  in  the  spherical  coordinate  frame  and  essential  array  performance 
characteristics  have  been  determined  through  research  efforts  spread  over  quarter 
of  a  century.  In  all  of  the  studies,  antenna  elements  have  been  arranged  on  a  full 
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regular  curved  sphere.  One  such  research  work  of  analysis  involved  circular 
aperture  elements  arranged  in  concentric  rings(  latitudes )  around  the  spherical  axis 
[15]. 

Robert  C.  Hansen  in  his  recent  book[  16  ]  published  in  1998  has  devoted  a 
single  page  on  spherical  arrays  and  provided  the  summary  statement : 

"A  Spherical  array  behaves  much  like  a  cylindrical  array  scanned  only  in 
azimuth,  but  the  lattice  and  depolarization  problems  are  unique  to  the  sphere. " 
which  is  too  simplified  to  be  accurate  in  the  context  of  a  large  phased  array 
operation.  Robert  J.  Mailloux  in  his  recent  book[  17  ]  on  Phased  Array  Antennas 
published  in  1994  has  devoted  two  pages  on  the  subject  of  spherical  phased  arrays 
reviewing  some  prior  work  done  by  others.  The  above  referenced  descriptions  of 
prior  works  conclusively  demonstrate  that  the  Geodesic  Sphere  Phased  Array 
Antenna  structure  was  not  dreamt  of  by  anyone  else  before  in  the  past  ninety  nine 
years  of  the  20th  century  ! 

4 .  ELEMENT  ARRANGEMENTS  IN  THE  GEODESIC  SPHERE 
PHASED  ARRAY  ANTENNA 

In  the  array,  each  triangular  subarray  panel  constitute  a  module  with  antenna 
elements  arranged  in  a  triangular  grid. 


Figure  2  A  preferred  arrangement  of  elements  In  a  triangular 
subarray  of  Geodesic  Sphere  Phased  Array  Antenna 
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5.  THE  CELLULAR  SCANNING  CONCEPT 


It  is  known  for  the  past  thirty  years  that  element  spacings  in  a  spherical  array 
could  be  substantially  increased  beyond  half  wavelength  before  grating  lobe  type 
deteriorating  conditions  arise.  This  fact  could  be  skillfully  exploited  to  design  the 
geodesic  sphere  phased  array.  Further  it  may  also  be  less  costly  to  group  together 
four  elements  as  a  single  cluster  for  simplified  subarray  feeding  purposes.  Still 
further,  it  may  be  advantageous  to  employ  an  entire  subarray  as  the  switchable  unit 
in  the  construction  of  the  energized  portion  of  the  array.  Under  these  conditions,  it 
is  practicable  to  divide  the  entire  communication  space  into  smaller  cellular  regions 
and  electronically  scan  each  such  cellular  space  by  means  of  subarray  switching  and 
element  or  subarray  level  phase  shifters. 

6 .  APPLICATIONS  OF  THE  GEODESIC  SPHERE  PHASED  ARRAY 
ANTENNA 

The  immediate  application  of  the  geodesic  sphere  phased  array  antenna  is  in 
tracking  and  communication  with  Low  Earth  Orbit  (  LEO )  and  other  nonstationary 
Orbit  satellites  requiring  electronic  scanning.  There  are  commercial  applications  as 
well  as  military  applications  for  this  phased  array  with  the  novel  architecture. 

7 .  PERFORMANCE  ANALYSIS  OF  THE  GEODESIC  SPHERE 
PHASED  ARRAY 

In  order  to  carry  out  performance  analysis  of  the  geodesic  sphere  phased 
array  it  is  necessary  to  perform  accurate  electromagnetic  field  analysis  of  the 
underlying  array  structure.  This  could  best  be  accomplished  in  the  spherical 
coordinate  frame[  15  ]. 

The  radiated  electromagnetic  field  is  represented  in  terms  of  spherical 
waveguide  modes  and  the  element  excitations  are  resolved  in  two  orthogonal 
directions  in  the  global  longitudinal  and  latitudinal  unit  vector  directions  at  the 
element  position.  Spherical  transmission  line  relations  are  used  to  account  for  the 
geodesic  geometry  in  the  field  calculations.  Various  symmetries  inherent  in  the 
array  play  a  crucial  role  in  determining  the  symmetry  and  side  lobe  levels  of  the 
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radiated  field.  Extensive  numerical  analysis  is  necessary  to  characterize  the 
performance  of  the  array. 

8 .  ADVANTAGES  OF  THE  GEODESIC  SPHERE  PHASED  ARRAY 
ANTENNA 

The  immediate  advantage  of  the  geodesic  sphere  phased  array  antenna 
architecture  is  its  modular  construction  with  planar  surfaces.  No  curved  surface  or 
line  are  involved  and  this  aspect  of  the  structure  simplifies  construction  and 
maintenance. 

In  the  past  forty  years  considerable  amount  of  civil  engineering,  mechanical 
engineering  and  architectural  research  efforts  have  been  expended  to  design  and 
construct  geodesic  sphere  structures.  This  body  of  knowledge  is  already  available 
to  design  the  phased  array  structure  proposed  here. 

9.  PRELIMINARY  DESIGN  CONSIDERATIONS  AND 
TRADE-OFFS. 

In  order  to  be  commercially  successful,  the  phased  array  antenna  system  for 
tracking  and  communication  with  satellites  must  be  affordable.  Every  aspect  of  the 
phased  array  design  and  implementation  that  leads  to  lower  construction  and 
maintenance  costs  have  to  be  explored.  Simplified  design  with  the  minimum  cost 
is  the  design  goal.  In  mass  applications  involving  home  based  satellite 
communication  systems,  the  requirement  will  essentially  involve  tracking  and 
communication  with  satellites  in  a  known  orbit  and  smooth  handover  from  a  setting 
satellite  to  the  rising  satellite.  This  means  that  for  mass  scale  home  based 
applications  the  phased  array  antenna  is  involved  in  tracking  and  communicating 
with  only  one  satellite  only  except  when  horizon  to  horizon  inertialess  satellite 
transfer  is  necessary  (  from  the  setting  satellite  to  the  rising  satellite ). 

From  the  cost  point  of  view  as  well  as  for  simplified  operations  it  may  be 
feasible  and  desirable  to  create  a  design  such  that  a  subarray  participates  in  forming 
a  single  beam  only  even  during  the  above-mentioned  transfer.  Such  a  design  may 
lead  to  a  substantial  reductions  in  the  number  of  Transmit/Receive  units  required  for 
the  array  for  a  required  communication  link  budget. 
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1.  ABSTRACT: 

It  is  often  desirable  to  determine  the  aperture  coefficients  on  an  antenna  array. 
The  determination  may  be  accomplished  using  amplitude  and  phase  data  from  a 
measured  far  field  antenna  pattern.  This  method  can  be  used  even  if  the  far  field 
pattern  is  measured  over  a  reduced  angular  range.  This  technique  can  give  an 
accurate  element  calibration  if  the  angular  range  is  not  too  limited,  and  if  the 
measurement  errors  are  small.  In  this  paper  we  examine  these  limitations  both 
theoretically  and  with  computer  simulations. 

2.  INTRODUCTION 


In  a  previous  paper  [1]  we  showed  that  by  (a)  using  quadratic  phase  on  the  array  being 
tested,  and  (b),  moving  the  test  probe  on  a  special  arc,  which  we  termed  the  focal  arc,  we 
could  reduce  the  far  field  measurement  distance  by  nearly  an  order  of  magnitude.  One  of 
the  deficiencies  of  this  technique  was  that  the  far  field  pattern  was  only  accurate  over 
±55°.  Beyond  this  range,  higher  order  phase  errors  and  1/R  amplitude  errors  start  to 
dominate.  Because  it  is  possible  and  desirable  to  calibrate  the  antenna,  i.e.  determine  the 
array  element  coefficients,  from  far  field  phase  and  amplitude  measurements  taken  over  a 
full  angular  range  of  ±90°,  there  is  the  general  question  of  how  well  the  same  element 
coefficients  can  be  determined  with  only  a  limited  angular  range  of  measurements  and, 
more  narrowly,  under  what  conditions  could  the  focal  arc  technique  give  accurate  array 
element  coefficients.  In  this  paper  the  relationship  between  array  size,  measurement  error, 
and  the  far  field  measurement  angular  range  is  related  to  the  error  in  determining  array 
element  coefficients. 

It  is  easy  to  show  that  with  no  measurement  error  the  array  element  coefficients  can  be 
determined  exactly  for  any  range  of  scan  angles  no  matter  how  small.  However,  with  the 
introduction  of  any  measurement  error  whatsoever,  measurement  over  too  small  an 
angular  far  field  range  will  lead  to  high  errors  in  the  array  coefficients.  Even  if  the  full  far 
field  angular  range  is  used,  the  far  field  measurement  accuracy  will  determine  how  well 
the  array  coefficients  can  be  found.  What  we  attempt  to  establish  in  this  paper  is  at  what 
limited  range  of  angles  can  an  array  be  measured  before  the  accuracy  in  finding  the  array 
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coefficients  from  the  far  field  data  becomes  unacceptable.  This  angular  range  is  tied  to 
the  number  of  elements  in  the  array,  the  element  spacing,  and  the  measurement  error  in 
the  far  field. 

Some  limitations  of  this  paper  should  be  mentioned.  Only  linear  arrays  are  addressed 
here,  and  we  assume  that  we  can  separate  array  element  errors  from  far  field 
measurement  errors.  We  also  use  aperture  errors  to  approximate  realistic  perturbations  of 
perfect  element  coefficients.  These  perturbed  coefficients  are  what  we  wish  to  infer  from 
the  far  field  error  measurements.  We  assume  that  large  far  field  measurement  errors 
would  give  incorrect  array  coefficients,  but  that  small  far  field  error  would  have  very 
little  effect.  We  assume  finally  that  the  errors  across  the  aperture  and  in  the  far  field,  are 
real  and  symmetric.  This  choice  has  been  made  only  for  convenience. 

3,  THEORETICAL  BACKGROUND 

This  section  discusses  the  inverse  transform  and  matrix  correction  that  are  used  to 
determine  the  aperture  coefficients  of  the  array  from  its  far  field  pattern.  We  consider  two 
cases:  1)  without  far  field  measurement  error,  and  2)  with  far  field  measurement  error. 

3.1.  CASE  1; 

The  far  field  pattern  of  a  linear  array  is 


(1) 

n=l 

where 

k  =  2n/X . 

N  is  the  number  of  elements, 
dx  is  the  spacing  between  the  elements, 
m  is  the  corresponding  point  in  the  far  field, 
n  is  the  corresponding  point  on  the  aperture. 

A0  is  the  sampling  rate  used  to  determine  the  far  field  pattern  over  a  specified 
angular  range. 

An  is  the  actual  weight,  including  amplitude  and  phase  errors,  of  the  nth  element 
in  the  array. 

Figure  (1)  illustrates  the  geometry  of  the  array. 
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X 


The  inverse  transform  of  the  far  field  is  represented  by 


M 

4  = 


-  jkdxlmAO 


m=l 


(2) 


where, 

A',  is  the  new  aperture  coefficient  after  transforming  field  points 
Em  is  the  far  field  value. 

M  is  the  number  of  far  field  points,  which  corresponds  to  number  of  elements. 


The  new  aperture  coefficients  are 


M  N 


jkdxmA0(n-l) 


m-\  n=\ 

N  M 

=  Z4Ze 

rt=l  m=\ 


jkdxmAd{n-l) 


(3) 


Expanding  (3),  we  obtain 


4' =  14 


sin( —  MxA  0{n  -  /))  -jkdx(M  /  2)^&{n-i) 
2 _ f _ 

,  KJ  -jk(dxl2)^0(n-l) 

M  sin( - A  0(n  -  /)) 


-Z4 


sin{^kdxA0{n  -  /)) 
M  sin(^( J  /  2)A0(n  -  /)) 


(4) 


To  obtain  the  new  set  of  coefficients.  An,  a  correction  matrix  is  applied  to  the  Afs: 

a;  =  B„,An  (5) 

An  =  B-J  a;  .  (6) 

When  the  non-diagonal  terms  of  Bni  are  not  zero  but  small  (which  is  the  region  of 
concern  for  us)  Bni  is  an  identity  matrix  plus  a  matrix  5', ,  which  has  entries  that  are  all 

small,  the  off-diagonal  entries  being  non-zero.  Since  the  represent  small  error  terms, 
we  can  invert  the  matrix  using  Neumann’s  method 


Bni  =  I  +  B'„, 

B,r'  =  [I  +  K,r' 

=  I -B'„,  +B'J  -B'J  + . (Neumann  series) 
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(7) 


=  I-B' 


nl  ■> 


where 

.  _  sin[A:(.M  /  2)dxA0{n  -  /)]  .g. 

M  sin[k{dx/2)A0{n-l)] 

If  we  define  the  angle-related  quantity  s  by 

(k(M/2)dxAe)  =  (k-s)  (9) 

and  if  the  maximum  test  angle  is  0t,  then 

(M/2)  A0  s  sin0T .  (10) 

The  element  spacing,  dx,  is  typically  determined  by  the  maximum  scan  angle,  0n ,  of  the 
array: 


Therefore, 


A 

1  +  sin 


{k{M  1 2)dxA6f) 


^  2n  smOjA 
A  l  +  sin(9„ 

~  1  +  sin  ’ 


(11) 


(12) 

(13) 


SO, 


solving  for  s. 


2;7'(sin^y.) 

1  +  sin  6„ 


{n-s\ 


(14) 


e  = 


2sin(9j. 

1  -I-  sin  9^ 


(15) 


using  (8)  and  (15), 


sin(;T  -£•)(«-/)  =  sin  K{n  -  /)  cos  sin  -  /)  -  cos  srin-l)  sin  sin  -  /)  (1 6) 


=  -  cos  7rin-l)  sin  sin  -1) 

=  (-l)(-l)^"-'^  sin  £•(«-/),  (17) 
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thus 


We  can  rewrite  (8)  as 


(«-/) 


b:,= 


sin  £•(«- /)(-!) 

Ir/ijr 

Msin(^)A^(«-/) 


1  +  sin  6„ 


( 


2sin^j.), 
1  +  sin  6„ 


(18) 


s:  =(-i)'"'”c. 


(19) 


so  that 


C  = 


2sin^^ 
1  +  sin 


■) 


( 


2sin6'j. 
1  +  sin 


•) 


(20) 


3.2.  CASE  2; 

Let  5i  be  the  far  field  measurement  error,  both  thermal  and  systematic,  and  let  Cn  be  the 
individual  element  error  caused  by  the  far  field  errors  6i.  Then 

A',  =  Ai  +  6i  ,  (21) 

where  Ai  and  A',  are  as  previously  defined.  Also 


Bnr'A,’  =  Bnr'(Ai  +  5,),  (22) 

and 

e„2  =|A„-Bnr'A’,p 

=  |Bnr'6,p.  (23) 

Thus 

el  , 

where  Bni  are  the  non-diagonal  terms  of  the  matrix,  as  previously  noted.  Then 

en"  =|I5,-5:,5ii' 

=  1^5',  + 
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Since  15',  =  0, 


en'sI6^  +  |5:,r5' 


,2  22 


(24) 


For  a  fully  scanned  far  field  pattern,  the  non-diagonal  terms  are  all  zero,  and 


e"  =  |6,| 


2 


Using  (18), 


=  MSf+M^ 


Isinffj.  Y 

1  +  sin 

2  sin  (9^ 

^  l  +  sin^„  ^ 


(25) 


or 


e  = 


M 


and 


=S^+M 


j  IsinOj. 

1  +  sin  0^ 
2sin^j. 

1  +  sin 

recalling  that  M  is  the  number  of  elements  in  the  array. 

If  far  field  patterns  are  measured  over  a  large  angular  range. 


Si 


2sin^,- 


M‘ 


1  +  sin 

2  sin  0T 


1  +  sin  0. 


Sj  «  MSf 


n  ) 


and 


(26) 


(27) 


(28) 


which  shows  that  the  array  coefficients  are  well  determined. 


(29) 
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However,  if  patterns  are  measured  over  a  small  angular  range, 


M 


^  2sin/?7. 

1  +  sin  6^ 

2sm0j 

1  +  sin 


Sf»Sf,  (30) 


showing  that  the  array  coefficients  are  poorly  defined. 

In  conclusion,  the  condition  for  an  angular  range  of  measurements  to  be  useful  is 


2sin(?j. 
1  +  sin 
2  sin  ffj. 

1  +  sin 


(31) 


in  which  case 


and 


2sin^7. 

1  +  sin  _  1 

Isin&j.  s/m  ’ 
1  +  sin  9^ 


(32) 


.  ^  d  +  sin^„.,  1  , 

sin  9^  =  ( - ;^)( - p-) .  (33) 

Z  1  ,  ^ 


Thus,  the  required  angular  range  over  which  measurements  should  be  taken  is  a  function 
of  the  element  spacing,  dx,  and  the  number  of  elements  in  the  array,  M. 

4.  SIMULATION 

A  computer  simulation  was  run  using  MATLAB  with  a  baseline  case  of  a  30dB  Taylor 
array  of  32  elements  spaced  ^72  apart  with  some  aperture  errors.  As  was  mentioned 
earlier  the  aperture  distribution  was  assumed  to  be  real  and  symmetrical  for  simplicity. 
The  measurement  errors  added  to  the  far  field  patterns  were  also  real  and  symmetric  to 
assure  that  the  resulting  aperture  distribution  would  also  be  real.  Figure  2  shows  the 
resulting  pattern  for  a  32  element  yjl  spaced  array  with  30dB  Taylor  excitation.  Real, 
symmetric  aperture  errors  were  added,  giving  a  far  field  pattern  shown  in  Figure  3.  This 
random  error  represents  manufacturing  error,  cable  path  length  errors,  etc.  These  32 
aperture  coefficients  (actually  16  because  of  symmetry)  are  what  we  wish  to  determine 


148 


from  far  field  data  that  has  been  corrupted  by  measurement  error  and  that  has  been 
measured  in  the  far  field  over  a  limited  range  of  angles. 


Figure  2  (30dB  Xaylor  Farfieici  Pattern) 


Figure  3  (30dB  Taylor  with  Aperture  Error) 


The  simulation  procedure  is  to  add  random  error  to  the  30dB  Taylor  far  field  pattern,  then 
take  data  at  angles  that  are  evenly  spaced  at  32  points  over  different  angular  ranges.  The 
first  angular  range  is  a  full  ±90°.  Subsequent  angular  ranges  are  reduced  in  one  degree 
steps.  The  correction  matrix  is  then  applied  to  these  32  data  points,  yielding  approximate 
array  coefficients  that  are  compared  with  the  actual  array  coefficients  (Figure  4).  We  then 
compute  the  root  mean  square  error  between  the  original  array  coefficients  and  those 
derived  from  the  far  field  data.  The  amount  of  far  field  measurement  error  is  then 
decreased  and  the  process  is  repeated.  The  results  are  shown  in  Figure  5.  For  a  relatively 
poor  measurement  facility,  i.e.  signal-to-noise  ratio  (30dB),  the  pattern  can  be  measured 
over  about  ±66°  and  still  yield  acceptably  accurate  coefficients.  An  excellent  facility, 
signal-to-noise  (80dB)  would  allow  data  to  be  measured  over  approximately  ±57°, 
yielding  acceptable  coefficients.  With  no  measurement  error  at  all,  the  array  coefficients 


149 


could  be  determined  from  32  points  measured  over  ±l”.  For  a  measurement  angular 
range  of  ±50®  for  the  80dB  case  the  coefficient  error  is  large  but  for  measurements  over 
+60°  or  greater  the  coefficient  error  is  insensitive  to  angular  range. 


e 


Figure  5  (30dB  Taylor  (.5  Lambda)) 


— 30dBME  ^■-40dBME 

SOdBME  -~60dBME 

-*-70dBME  80dBME 

Theta 


We  now  examine  the  effect  of  changing  the  aperture  weighting.  One  might  expect  that  a 
pattern  that  has  high  sidelobes  outside  the  angular  measurement  range  would  give  poor 
results.  The  simulations  do  not  confirm  this.  The  errors  are  independent  of  sidelobes 
outside  the  measurement  range.  Figure  6  shows  the  average  error  for  a  uniform  array. 
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Comparing  Figure  5  with  Figure  6  shows  that  the  baseline  array  is  identical  to  the 
uniform  array. 

Figure  6  (Uniform  Error  lambda/2  Residual  Error  vs  Theta) 

. ♦  —  30dBME  — ■ — 40dBME - SOdBME  — E3“60dBME 

“^l^yOdBME  -♦-SOdBME 


The  effect  of  element  spacing  is  now  considered  with  a  more  practical  case,  namely  a 
phased  array  that  scans  over  +45®  and  has  an  element  spacing  of  0.586X,.  As  expected 
from  the  theory,  the  change  in  spacing  from  VI  shifts  the  breakpoint  in  the  error  curves 
toward  an  even  smaller  angular  range  (compare  Figure  7  with  Figure  5).  A  full 
measurement  range  for  X,/2  would  be  ±90®.  The  corresponding  range  for  0.5 86X.  is  ±60®. 
Similarly,  the  angular  range  at  which  the  break  on  the  error  curve  occur  can  be  expected 
to  also  be  reduced.  Thus  element  spacing  is  a  factor  in  how  much  the  measurement  range 
can  be  reduced,  but  array  taper  is  not. 


44  49  54  59 

Theta 
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Finally  the  semi-log  plot  of  Figure  8  establishes  that  the  coefficient  error  curves  have 
break  angles  that  are  independent  of  the  measurement  errors.  This  is  also  consistent  with 
the  theoretical  analysis  in  Section  3.  Figure  9  compares  the  computed  breakpoints  with 
four  theoretically  expected  breakpoints. 


-30dB  ME 


Figure  8  (30db  Taylor  lambda/2  Log  Scale) 

-40dB  ME  — ^50dB  ME  -a-60dB  ME  — 70dB  ME  80dB  ME 


s,  0.01 

50 


♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

BSBHBBBBBBilHBillSilBBBSISQSIH 


Figure  9  (Comparison  of  B reakpoints  Theory  vs  Simulation) 


->  128  Elements 


Num  ber]  of  E  lem  ents 
40  F 


5.  CONCLUSION 


We  have  shown  that  it  is  possible  to  determine  array  coefficients  accurately  by  measuring 
the  far  field  pattern  over  an  angular  range  less  than  ±90°.  This  size  of  the  angular  range 
required  depends  on  the  number  of  elements  in  the  array,  the  measurement  error,  and  the 
element  spacing.  The  effect  is  independent  of  the  array  illumination. 
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SPACECRAFT  COMMUNICATIONS  SYSTEM 
VERIFICATION  USING  ON-AXIS  NEAR  FIELD 
MEASUREMENT  TECHNIQUES 


Mr.  Thomas  Keating,  NASA/Goddard  Space  Flight  Center, 

Retired 

Mr.  Mark  Baugh,  NASA/Goddard  Space  Flight  Center,  HST 
Carrier  Development  Integration  and  Test  Manager 
Mr.  R.  B.  Gosselin,  NASA/Goddard  Space  Flight  Center, 
Microwave  Engineer,  Code  555 
Ms.  Maria  C.  Lecha,  NASA/Goddard  Space  Flight  Center, 
Microwave  Engineer,  Code  555 


Determination  of  the  readiness  of  a  spacecraft  for  launch  is  a  critical 
requirement.  The  final  assembly  of  all  subsystems  must  be  verified.  Testing 
of  a  communications  system  can  mostly  be  done  using  closed-circuits  (cabling 
to/from  test  ports),  but  the  final  connections  to  the  antenna  require  radiation 
tests.  The  Tropical  Rainfall  Measuring  Mission  (TRMM)  Project  used  a 
readily  available  “near-field  on-axis”  equation  to  predict  the  values  to  be 
used  for  comparison  with  those  obtained  in  a  test  program.  Tests  were 
performed  in  a  “clean  room”  environment  at  both  Goddard  Space  Flight 
Center  (GSFC)  and  in  Japan  at  the  Tanegashima  Space  Center  (TnSC) 
launch  facilities.  Most  of  the  measured  values  agreed  with  the  predicted 
values  to  within  0.5  dB.  This  demonstrates  that  sometimes  you  can  use 
relatively  simple  techniques  to  make  antenna  performance  measurements 
when  use  of  the  “far  field  ranges,  anechoic  chambers,  or  precision  near-field 
ranges  are  neither  available  nor  practical.  Test  data  and  photographs  are 
provided. 

1.0  Spacecraft  Description. 

The  TRMM  spacecraft  is  shown  in  figures  1  and  2.  The  dimensions  are  a  height 
(or  length)  of  approximately  5  meters  (16.5  ft)  and  a  cross  section  of 
approximately  3.5  meters  (1 1 .5  ft).  Dry  mass  is  approximately  2,632  kilograms 
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(5,790  pounds).  Critical  to  mission  success  was  contamination  control,  especially 
for  the  instruments  shown  in  Figure  1 .  Figure  2  shows  the  location  of  the  Hi-Gain 
Communications  Anterma.  The  size  and  mass  of  the  spacecraft  as  well  as  the 
need  for  contamination  control  posed  serious  limitations  to  the  implementatiom  of 
a  test  program  to  verify  the  uccessftil  mating  of  the  “Forward”  (receiving)  link 
and  “Return”  (transmitting)  link  of  the  Communication  circuitry  to  the  “Hi-Gain” 
antenna. 


(CERES) 


Figure  1 :  TRMM  Drawing  of  the  Spacecraft 
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Figure  2:  Photograph  of  the  TRMM  Spacecraft;  the  52-Inch  diameter  Hi-Gain 
Antenna  is  seen  in  the  in  the  upper  left  of  the  photograph. 
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2.0  Communications  Antenna  Radio  Frequency  (RF)  links. 


There  are  four  RF  links  to  the  geostationary  Tracking  and  Data  Relay  Satellite 
(TDRS);  Namely: 

Left  Circular  Polarization  (LCP)  Forward  (FWD)  or  receiving, 

Left  Circular  Polarization  (LCP)  Return  (RTN)  or  transmitting, 

Right  Circular  Polarization  (RCP)  Forward  (FWD)  or  receiving,  and 
Right  Circular  Polarization  (RCP)  Return  (RTN)  or  transmitting. 

FWD  (receiving)  frequency  =  2076.94  MHz 
RTN  (transmitting)  frequency  =  2255.5  MHz 

3.0  Testing  Implementation. 

After  much  consideration  of  the  need  for  actively  verifying  (as  opposed  to 
assuming  a  successful  mechanical  mating)  by  receiving  and  transmitting,  several 
approaches  were  considered.  Only  two,  namely;  a  “far-field”  measurement  or  a 
“near-field  “  could  be  considered.  Priority  was  given  to  the  need  to  perform  the 
verification  at  both  GSFC  and  TnSC.  The  GSFC  tests  were  needed  to  perform 
“pre-ship”  tests  and  the  TnSC  were  needed  to  demonstrate  successful  reassemble 
(the  antenna  was  removed  for  shipping  to  Japan)  and  launch  readiness.  Far-field 
testing  would  require  that  the  spacecraft  be  exposed  to  severe  contamination 
conditions.  Large  doors  would  have  to  be  opened  to  ordinary  ambient  conditions 
severely  compromising  the  “clean  room”  environment.  Thus,  it  was  decided  to 
perform  the  tests  using  the  “on-axis  near  field  power-density”  equation  shown  on 
page  38  of  Microwave  Scanning  Antennas,  Volume  I,  Academic  Press  Inc.  1964. 
Figure  3  depicts  the  on-axis  power  density  of  a  tapered  circular  aperture. 
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l>OWeR  DENSITY  MUITIPUCMION 


Figxire  3;  On-axis  near  field  power  density  -  tapered  circular  aperture 

The  author  had  used  this  information  for  estimating  radiation  hazard 
conditions.  It  was  reasoned  that  if  the  testing  program  could: 

(a)  Accurately  determine  the  distances  from  the  spacecraft  antenna 
aperture  to  a  “probe  antenna”, 

(b)  Accurately  boresight  the  two  antennas,  and 

(c)  Could  accurately  determine  both  the  transmission  and  reception  power 
levels,  then  testing  within  the  confines  of  the  “clean  rooms”  could  be 
relied  upon.  Initially,  it  was  initially  estimated  that  measurements  within 
2  dB  of  predicted  values  would  be  acceptable  for  “verification”. 
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4.0  Testing  Program. 

Figures  4  and  5  are  two  views  of  the  test  configuration.  Figure  6  is  a  block 
diagram  of  the  essential  RF  components  of  the  test.  All  the  cables  were  measured, 
the  two  “probe  antennas”  were  calibrated,  and  power  measurement  meters  and 
receiver  “AGC”  were  accurately  determined. 


Figure  4:  TRMM  Spacecraft  in  “Clean-Room  positioned  for 
near  field  test  of  Communications  Antenna 
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Figure  5:  GSFC  Range  in  the  Environmental  “Clean-Room”.  LCP  Probe 
Antenna  is  shown  on  the  RF  absorber  panel. 
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Fig.  6  A  Forward  (Receive)  link  test  set-up 


Fig.  6B  Return  (Transmit)  link  test  set-up 
(Rl=30dB) 


Figure  6;  Showing  the  Forward  and  Receive  Implementation  Block  Diagram 
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The  parameters  used  for  all  computations  are  shown  in  Table  1 . 


Table  1 ;  Constants  for  Link  Calculations 


TABLE  FOR  GONSTART  FACTOR 

GSFd  GSFO  tnSO  TnSC 

FWDLCP  RTNLCP  FWDLCP  RTNLCP 


UNEL-1 

dB 

-17*3 

0 

-17.3 

0 

UNELrZ 

dB 

-14.6 

-15.7 

”■22.7 

-72,01 

gain  S/G  Ant 

dB 

23.2 

27.6 

23:2 

27.6 

GAIN  PrObS  Ant 

dB 

16.8 

16.6 

168 

16:8 

FAR  FIELD  SPACE  LOSS 

dB 

-66.5 

•87.9 

8^ 

-67:0 

FIXED  REF  "NET” 

dB 

^8.4 

-39.2 

868 

-96.51 

GSFG: 

GSFG 

TnSC: 

TnSC: 

FWDRCP 

RTNRGP 

FWDRCP 

RTN  ROP 

LINE  L-^1 

dB 

-18,7 

0 

-16.7 

0 

LINE  L-2 

dB 

-14.8 

-15.7 

-22.1 

81,41 

GAIN  S/C  Ant 

dB 

23^1 

27,4 

231 

27.4 

GAIN  Probe  Atft 

dB 

6 

6.2 

6 

6;2 

FAR  FIELD SPACE  LOSS 

dB 

-66:6 

879 

-665 

879 

FIXED  REF  “NET” 

dB 

-70,9 

80 

85.71 

NOTES: 

FofWiard  LihK:  Line  L-1  is  from  S/G  Aritenna  oerts  to  the  S/C  receiver 

Return  Unte  Une  L-1  Is  “zero  because  the  tra^itter  power  is 

r^enned  to  the  Antenna  ports 

Liiie"L-2"  istothe  Probe  Ahtennato  the  GSE;  (TnSc  L-2  include  30  dB  attenuator) 


A  total  of  five  range  distances  were  measured  at  GSFC  and  four  were  measured 
at  TnSC.  Table  2  compiles  the  Near-Field  factor, which  in  this  table,  as  well  as 
the  test  data  tables  3  and  4,  is  defined  as  the  “Hansen  Factor  (Hf)”  in  dB. 


162 


Table  2 

Test  Ranges  and  Hansen  Factor  (Hf) 


Range 

No. 

Range 

(feet) 

Polarization 

Link 

Hf 

(dB) 

1 

32.9 

LCPandRCP 

FWD 

7.5 

2 

28.9 

LCPandRCP 

FWD 

8.52 

3 

24.9 

LCP  and  RCP 

FWD 

9.7 

4 

21.0 

LCPandRCP 

FWD 

11.0 

5 

17.0 

LCPandRCP 

FWD 

12.6 

1 

32.9 

LCPandRCP 

RTN 

8.1 

2 

28.9 

LCP  and  RCP 

RTN 

9.2 

3 

24.9 

LCPandRCP 

RTN 

10.4 

4 

21.0 

LCPandRCP 

RTN 

11.7 

5 

17.0 

LCP  and  RCP 

RTN 

13.2 

A  complete  set  of  computations  for  all  ranges  and  links  (frequencies)  is  provided 
in  Appendix  A. 
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6.0  GSFC  Test  Results. 


Table  3  “Near-Field  Gain  Tests  at  Goddard  Space  Flight  Center”  shows  the 
measmed  power  (Pm)  vs  the  power  expected  (Pe)  for  all  five  range  settings.  The 
differences  were  converted  into  numeric  values  and  averaged.  The  numerical 
average  was  converted  to  dB  to  provide  an  “Average  Deviation  in  dB”. 


Table  3:  Near-Field  Gain  Tests  at  Goddard  Space  Flight  Center 


NEAR  FIELD  GAIN  TESTS  at  GODDARD  SPACE  FLIGHT  CENTER 


RANGE  RANGE 

POL 

LINK 

FIXED  REF 

Hf 

Pwr  Inj 

Pwr  Exp 

Pwr  Meas 

Pm  -  Pe 

Value 

Number 

feet 

dB 

db 

dBm 

dBm 

dBm 

dB 

Numeric 

1 

32.9 

LCP 

FWD 

-68.4 

7.5 

-30.1 

-81 

-80.72 

0.28 

1.007 

2 

28.9 

LCP 

FWD 

-58.4 

8.52 

-32.1 

-81.98 

-81.98 

0 

1.000 

3 

24.9 

LCP 

FWD 

-58.4 

9.7 

-33.1 

-01.8 

-81.35 

0.45 

1,109 

4 

21 

LCP 

FWD 

-58.4 

11 

-35.1 

-82.5 

-81.98 

0.52 

1.127 

6 

17 

LCP 

FWD 

-58.4 

12.6 

-37.1 

-82.9 

-82.93 

-0.03  . 

0.993 

AVG  DEVIATION  (dB) 

0.26 

1.06 

1 

32.9 

RCP 

FWD 

-70.9 

7.6 

-12.1 

-75.5 

-74.48 

1.02 

1.265 

2 

28.9 

RCP 

FWD 

-70.9 

8.52 

-13.1 

-76.48 

-75.13 

0.35 

1.084 

3 

24.0 

RCP 

FWD 

-70.9 

9.7 

-14.1 

-75.3 

-75.13 

0.17 

1.040 

4 

21 

RCP 

FWD 

-70.9 

11 

-16.1 

-70  . 

-75.45 

0.55 

1.135 

6 

17 

RCP 

FWD 

-70.9 

12.6 

-18.1 

-76.4 

-75.78 

0.62 

1.153 

AVO  DEVIATION  (dB) 

0.56 

1.14 

1 

32.9 

LCP 

RTN 

-30.2 

8,1 

36.6 

6.6 

5.45 

-0.05 

0.969 

2 

28.9 

LCP 

RTN 

-39.2 

9.2 

36.6 

6.6 

6.61 

0,01 

1.002 

3 

24.9 

LCP 

RTN 

-39.2 

10.4 

36.6 

7.8 

7.59 

-0.21 

0.953 

4 

21 

LCP 

RTN 

-39.2 

11.7 

36.6 

9.1 

6.95 

-0.15 

0.966 

5 

17 

LCP 

RTN 

-39.2 

13.2 

36.6 

10.0 

10,02 

-0.58 

0.876 

AVO  DEVIATION  (dB) 

-0.19 

0.96 

1 

32.9 

RCP 

RTN 

-50 

8.1 

32.8 

-9.1 

-6.12 

0.98 

1.253 

2 

28.9 

RCP 

RTN 

-60 

9.2 

32.8 

-8 

-7.44 

0.56 

1.138 

3 

24.9 

RCP 

RTN 

-50 

10.4 

32.8 

-8.8 

-8.31 

0.49 

1.119 

4 

21 

RCP 

RTN 

-50 

11.7 

32.8 

-5.5 

-5.12 

0.38 

1.091 

5 

17 

RCP 

RTN 

-50 

13.2 

32.8 

-4 

-3.77 

0.23 

1.054 

AVO  DEVIATION  (dB) 

0.54 

1.131 
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7.0  TnSC  Test  Results 


Table  4  “Near-Field  Gain  Test  at  Tanegashima  Space  flight  (TnSC)"  shows 
accuracy  was  not  a  good  as  GSFC.  The  cause  is  the  different  mechanisms 
available  for  positioning  of  the  RF  absorber  structure  containing  the  probe 
antennas.  At  GSFC  the  RF  absorber  structure  was  mounted  on  a  rigid  scaffold 
(Figures  4  and  5).  The  determination  of  the  range,  horizontal,  and  vertical 
positions  of  the  Probe  antenna  was  obtained  under  reasonably  controlled 
conditions.  By  contrast,  at  TnSC,  the  RF  absorber  structure  was  suspended  from 
a  crane  and  ropes  were  attached  to  the  two  bottom  comers  to  steady  the  stmcture. 
This  led  to  a  lesser  controlled  condition  for  positioning  and  pointing  of  the  Probe 
antenna. 


NEAR  FIELD  GAIN  TESTS  at  TANEGASHIMA  SPACE  FLIGHT  CENTER 


RANGE  RANGE 

POL 

LINK 

FIXED  REF 

Hf 

Pwr  Inj 

Pwr  Exp 

Pwr  Meas 

Pm  -  Pe 

Value 

Number 

feet 

dB 

db 

dBm 

dBm 

dBm 

dB 

Numeric 

1 

32.9 

LCP 

FWD 

-68.5 

7.5 

NO  TEST 

2  - 

28.9 

LCP 

FWD 

-66,5 

8.52 

-22 

-79.98 

-81.03 

-1.05 

0785 

3 

24.9 

LCP 

FWD 

-66.5 

9.7 

-23.2 

-80 

-80.72 

-0.72 

0.847 

4 

21 

LCP 

FWD 

-68.5 

11 

-24.6 

-80.1 

-81.35 

-1.26 

0.750 

5 

17 

LCP 

FWD 

-66.5 

12.6 

-26.1 

-80 

-80.72 

-0.72 

0.847 

AVO  DEVIATION  (dB) 

-0.93 

0.807 

1 

32.9 

RCP 

FWD 

-78.2 

7.6 

NO  TEST 

1.130 

2 

28.9 

RCP 

FWD 

-78.2 

8.52 

-10.3 

-79.98 

-79.45 

0.53 

3 

24.9 

RCP 

FWD 

-78.2 

97 

-11.51 

-80.01 

-79.77 

0.24 

1.057 

4 

21 

RCP 

FWD 

-78.2 

11 

-12.9 

-60.1 

-80.1 

0 

1.000 

6 

17 

RCP 

FWD 

-78.2 

12.6 

-14.4 

-80 

-80.1 

-0.1 

0.977 

AVG  DEVIATION  (dB) 

0.17 

1.041 

1 

32,9 

LCP 

RTN 

-95.51 

8.1 

NO  TEST 

2 

28.9 

LCP 

RTN 

-95.51 

9.2 

36.6 

-49.71 

-51.1 

-1.39 

0.726 

3 

24.9 

LCP 

RTN 

-95.51 

10.4 

36.6 

^8.51 

-50.2 

-1.69 

0.078 

4 

21 

LCP 

RTN 

-95.51 

11.7 

36.6 

-47.21 

-49 

-1.79 

0.682 

5 

17 

LCP 

RTN 

-95.51 

13.2 

36.6 

-45.71 

^7.6 

-1.89 

0.647 

AVO  DEVIATION  (dB) 

-1.69 

0.678 

1 

32.9 

RCP 

RTN 

-85.71 

8.1 

NO  TEST 

2 

28.9 

RCP 

RTN 

-85.71 

6.2 

32.8 

-43.71 

-42.7 

1.01 

1.262 

3 

24.9 

RCP 

RTN 

-85.71 

10.4 

32.8 

-42.51 

-417 

0.81 

1.205 

4 

21 

RCP 

RTN 

-85.71 

117 

32,8 

-41.21 

-40.5 

0.71 

1.178 

6 

17 

RCP 

RTN 

-85.71 

13.2 

32.8 

-39.71 

-38.7 

1.01 

1.262 

AVG  DEVIATION  (dB) 

0.89 

1.227 

Table  4:  Near-Field  Gain  Test  at  Tanegashima  Space  flight  (TnSC) 


8.0  Conclusions. 


Given  limitations  in  the  availability  of  antenna  test  facilities  or  other  factors 
hindering  the  implementation  of  more  common  measurement  procedures,  the  use 
of  the  On-axis  Near-Field  Power  Density  equation  can  provide  a  means  to: 

(a)  Obtain  a  quick  check  of  antenna  gain,  and/or 

(b)  Verify  operational  readiness  of  a  completely  assembled  communications 
system. 

If  care  is  taken  to  control  the  test  conditions  factors  of:  (a)  the  RF  transmitted  and 
received  powers,  and  (b)  the  geometric  values  of  distance  and  boresight,  then  an 
accuracy  of  +/-  0.5  dB  is  obtainable. 
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APPENDIX  A: 


Spacecraft  Communications  System  Verification  using  On- Axis  Near-Field 

Measurement  Techniques 
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Ffivd  =  2076.5  MHz ;  F  2255.5  MHz 

7^=  5.68  inches;  A.ret“  5.23  inches 


Antenna  Diameter  =  52  inches  =  D, 

Far  Field  for  FWD  =  FF^^d ;  Far  Field  for  RTN = FFn„ 

LCP  Probe  Antenna  Gain  =  16.8  dB  (FWD  and  (RTN) 

RCP  Probe  Antenna  Gain  =  6.0  dB  (FWD)  and  6.2  dB  (RTN) 


Da 

_52 

5.68 

^  rtn 

“  12 

*fwd=-^ 

Da 

=  4333  feet 

ifV,d=  0.473  feet 

^  rtn  “ 

79343  feet 


FFrt„  =  86.17  feel 


Space  Loss  for  Far  Field  -  and  Lff^ 


4*FFfi,d  *'ffiWd'2354'0- 


^fiawdDB-°  ^flSEwd 


'ffiwdDB 


=  -66,471  dB 


L 


/"itn 

4iFF~ 


^  ffitn  ^  ^  fi5tnDB ^  ffrtn 


^  ffitnDB  *  *^7.905  dB 
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i:=  1,2.  5 
Rfwd. 


i  =  counter 

Rfwd  is  the  set  of  test  ranges,  Rfwd^Rrtn 


3ZS6 

28.9 

24.93 

20.97 

16.99 


Xfwd- 


Rfwd 

1 


Xfwd-  =  Xfwdj  is  the  ratio  for  the  Hansen  Factor  Hf 

lAH 

1.314 

>264 

I.214 


PDfwdj  is  XhQ  Hansen  formula  ahown  on  Page  1 40  of  the  1 964  Microwave 
Engineers  Handbook  with  a  counter  to  compute  for  all  appropriate  trange  values. 


PDfwd.  :=  26.1 


Xfwd- 

1  -  16 - ^ 

% 


t 


•sin 


8  Xfwdj 


Xfwd  ^ 
128  - 


1  ~  COS 


t 

SXfwdj 


(1) 


PDlwd.  = 

J 

5.58 

7.109 

9.342 

12.733 

18-173 


PEHwdDB.  :=  10  log  PDfwd. 
PDfwdDB.  = 

7.466 

8.516 

9.704 

11.049 

I2.594 
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Rrtn.  :=  Riwd. 


Rrtrij  = 

2a9 

4.93 

0.97 

6.99 


FF 


2-  Da 
^  rtn 


’] 


Xitn. 


Rrtnj 
^  rtn 


Xrtn.- 

[Ml 

L335 

1.289 

L243 

1.197 


PDitOj  is  the  Hansen  fonnula  ahown  on  Page  140  of  the  1964  Microwave 
Engineers  Handbook  with  a  counter  to  compute  for  all  appropriate  range  values. 


PDrtn..  :=  26.1 


Xrtn. 

[  ^  i  16. - .sin 


8Xitn, 


Xrtn- -  X 

128- -  •  I  “  cos - 

t  SXrtn 


(2) 


PDrtn.  := 
6.5^ 
8.287 
10.846 
14.687 
>0.714 


PDitnDBj  :=  10*  log  PDrtn. 

PDitnDBj  = 

8.144 

9.184 

10.353 

11.669 

I3.163 
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SAC-C  SATELLITE  ANTENNA  GAINS 


Valentin  Trainotti,  Senior  Member  IEEE,  Norberto  Dalmas  Di  Giovanni, 
Juan  S.  Skora,  Diego  A.  Schweitzer. 

CITEFA. 

Buenos  Aires,  Argentina 


ABSTRACT. 

Argentine  Scientific  Satellite  (SAC-C)  antennas  have  been  developed  in  order 
to  fulfill  the  satellite-ground  link  requirements  for  a  polar  orbit.  Wide 
beamwidth  antennas  were  designed  and  tested  so  steering  systems  are 
avoided.  For  the  “S”  and  “X”  bands,  this  task  was  achieved  with  modifled 
Kilgus  circular  polarized  antennas.  In  the  “UHF”  band,  a  low  profile 
rectangular  patch  antenna  was  developed  to  fulfill  the  link  requirements.  For 
the  “L”  band,  circular  polarized  rectangular  patch,  conical  helix  and  conical 
helix  with  reflector  antennas  were  provided  by  JPL  NASA.  These  “L”  band 
antennas  will  be  used  for  the  different  experiments  into  this  frequency  band. 
All  these  antennas  were  measured  individually  but  when  installed  on  the 
satellite  mockup  their  characteristics  are  modified  in  some  cases 
substantially. 

Antenna  radiation  patterns  and  gains  were  measured  installing  them  on  a 
full-scale  satellite  mockup.  Measurements  were  performed  using  an  outdoor 
antenna  range  to  fulfill  the  far  field  requirements.  Results  obtained  in  each 
band  are  provided. 


1.  INTRODUCTION 

Argentine  Scientific  Satellite  (SAC-C)  antennas  have  been  developed  in  order  to 
fulfill  the  satellite-ground  link  requirements  for  a  polar  orbit.  Wide  beamwidth 
antennas  were  designed  and  tested  so  steering  systems  are  avoided. 

All  antennas  installed  in  the  main  platform  are  located  among  several  different 
scientific  experiments  metallic  structures.  These  close  metallic  structures  and  the 
metallic  satellite  structure  could  affect  the  antenna  radiation  characteristics.  For 
this  reason,  gain  measurements  must  be  made  with  the  antennas  installed  in  the 
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satellite  mockup,  in  order  to  know  the  metallic  structure  effects  compared  to  the 
gain  values  obtained  for  the  antennas  alone. 

Bands,  frequencies  and  functions  are  shown  in  the  following  table: 


BAND 

Frequency  [MHz] 

Operation 

401.55 

Right  Whales  Tracking  and  data  adquisition 

2076 

Telemetry  and  command  reception  (TT&C) 

s 

2244 

Telemetry  and  command  transmission  (TT&C) 

s 

2255 

Low  resolution  data  transmission 

X 

8386 

High  resolution  data  transmission 

The  characteristics  that  should  be  obtained  in  the  designed  antennas  are: 


PARAMETER 

UHF 

SBAND 

XBAND 

3  dB  Beamwidth 

±60° 

±60° 

±60° 

Gain 

0  dBic 

OdBi 

OdBi 

Polarization 

Right  hand 
circular 

Right  hand 
circular 

Right  hand 
circular 

Axial  ratio 

Less  than  10  dB 

Less  than  10  dB 

Less  than  10  dB 

VSWR 

Less  than  2 

Less  than  2 

Less  than  2 

2.  “UHF”,  “S”  AND  “X”  BAND  ANTENNAS 
2.1  PATCH  ANTENNA  (395-405  MHz). 

This  antenna  has  been  designed  to  work  on  board  the  SAC-C  satellite.  This 
radiating  system  is  used  to  link  low-resolution  data  equipment  and  carrying  out 
the  experiment  to  localize  the  Southern  Hemisphere  Right  Whales.  For  both  tasks 
a  pattern  of  practically  uniform  radiation  in  the  hemisphere  toward  the  earth  is 
required.  This  task  is  obtained  locating  a  patch  antenna  in  the  main  platform  of 
the  SAC-C  satellite.  The  main  SAC-C  platform  will  look  toward  the  earth  as  soon 
as  the  satellite  is  stabilized  into  its  orbit.  This  antenna  was  chosen  due  to  its  low 
mechanical  profile.  Low  profile  permits  a  minimum  shade  on  the  observation 
cameras  and  sensors  on  board  of  the  satellite. 

The  preliminary  designs  as  well  as  prototypes  have  produced  optimum  results  [1]. 
Several  designs  of  patch  type  antennas  using  fiberglass  polyester  resin  and  type 
GIO  as  dielectric  material  have  been  made.  This  dielectric  material  fulfills  the 
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space  application  qualification.  Models  were  also  designed  with  different  metallic 
plane  dimensions  [2], 

Figure  1  shows  the  patch  antenna  prototype  with  GIO  as  dielectric  material. 


2.2  “S”  BAND  MODIFIED  KILGUS  HELIX  ANTENNAS  (2  -  2.3  GHz). 

This  antenna  has  been  designed  in  order  to  fulfil  the  requirements  as  radiating 
system  on  board  of  the  SAC-C  satellite.  It  will  work  linking  the  ground  station 
and  the  satellite  for  telemetry,  control  and  data.  For  this  reason  a  practically 
uniform  hemispherically  radiation  toward  the  earth  is  necessary.  For  these  tasks, 
two  similar  antennas  are  used.  At  the  same  time  a  two  equal  antenna  system  is 
used  to  command  the  satellite  during  the  early  flight  phase  where  the  relative 
satellite  position  in  space  is  unknown. 

One  of  the  antennas  is  installed  on  the  looking  toward  the  Earth  platform  once  the 
satellite  is  stabilized  into  the  orbit,  and  the  other  is  installed  into  the  rear  platform 
in  order  to  cover  practically  all  the  spherical  surface  around  it.  In  this  manner  any 
command  order  from  the  earth  station  can  reach  the  satellite  no  matter  what  is  the 
satellite  position  in  space  [1]. 

During  the  development  of  the  Kilgus  modified  helix,  a  surface  corresponding  to 
180  degrees  beamwidth  with  circular  polarized  radiation  has  been  covered. 
Radiation  patterns  are  really  optimum  nevertheless  the  optimum  axial  ratio  does 
not  fulfil  the  same  frequencies.  For  this  reason  a  research  was  done  in  order  to 
obtain  the  same  optimum  characteristics  of  both  radiation  pattern  and  axial  ratio 
as  well  gain  and  input  impedance  [3]. 

Figure  2  shows  the  model  4  prototype  of  modified  Kilgus  helix  antenna  used 
during  measurements. 


2.3  “X”  BAND  MODIFIED  KILGUS  HELIX  ANTENNA  (8-8.4GHz). 

This  antenna  has  been  designed  to  work  onboard  of  SAC-C  satellite.  It  will  work 
linking  the  ground  station  and  the  satellite  for  high  resolution  images  data.  For 
this  reason,  a  practically  uniform  hemispherical  radiation  toward  the  earth  is 
necessary.  To  ftilfil  this  task,  two  similar  antennas  are  used.  These  antennas  are 
installed  on  the  platform  oriented  toward  the  earth  once  the  satellite  is  stabilized 
into  the  orbit  [1]. 
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During  the  development  of  the  Kilgus  modified  helix,  an  illuminated  surface  has 
been  covered.  This  surface  is  included  within  a  circular  polarized  radiation 
beamwidth  close  to  180  degrees.  Radiation  patterns  are  really  optimum 
nevertheless  the  optimum  axial  ratio  does  not  fulfil  the  same  frequencies.  For  this 
reason  a  research  was  started  in  order  to  obtain  the  same  optimum  characteristics 
of  both  radiation  pattern  and  axial  ratio  as  well  gain  and  input  impedance  [4]. 

Figure  3  shows  the  model  2  prototype  of  the  modified  Kilgus  helix  antenna. 

3.  ANTENNA  GAIN  MEASUREMENTS 

3.1  ANECHOIC  CHAMBER  MEASUREMENTS 

All  antennas  were  measured  previously,  as  an  isolated  antenna  element  to 
evaluate  their  gain  properties.  To  perform  these  tasks,  antenna  gains  were 
measured  in  the  anechoic  chamber  using  the  “Three  Antenna  Method”  [1]. 

The  anechoic  chamber  gain  measurement  had  been  done  in  the  antenna  polar  axis 
or  perpendicular  to  the  main  satellite  platform. 

3.2  MOCKUP  GAIN  MEASUREMENTS. 

Antennas  were  installed  on  the  satellite  real  scale  mockup.  Their  locations  are  on 
a  metallic  structure  supported  by  a  metallic  tube  (except  for  the  “GPS” 
rectangular  patch  antenna).  This  tube  is  attached  to  the  main  satellite  platform  that 
will  look  toward  the  earth  when  the  satellite  is  stabilized  in  its  orbit.  In  the  case  of 
the  “GPS”  circular  patch  antenna,  the  metallic  tube  is  attached  to  the  propulsion 
platform. 

In  figure  4,  an  outline  of  the  main  (a)  and  the  propulsion  (b)  platforms  of  the 
satellite  are  shown  and  the  location  of  all  the  antennas  can  be  seen. 

Gain  measurements  have  been  carried  out  in  the  far  field.  Keeping  in  mind  the  far 
field  distance  criterium  or  R=  2*DVX.  The  minimum  measurement  distance  (R) 
depends  on  what  frequency  band  the  measurement  is  done.  In  this  case  the 
maximum  satellite  dimensions  take  into  account  the  simulated  solar  panels. 

For  the  ‘TJHF”  band,  it  corresponds  at  a  distance  R=20  meters.  For  this  reason, 
the  reference  antenna  was  installed  at  a  distance  of  25m  in  order  to  assure  the  far 
field  criterium. 
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Figure  3,  Model  2  “X”  Band  Modified  Kilgus  Antenna  Prototype 


TOP  PLATFORM 


Figure  4  a.  Antenna  Location  in  Satellite  Main  Platform 


The  measuring  distance  must  be  larger  than  110  meters  for  the  “S”  band,  so  that, 
the  reference  antenna  was  installed  at  the  distance  of  1 80  meters. 

For  the  “X”  band  measurements,  the  minimum  distance  must  be  larger  than  300 
meters,  but  in  this  case  the  reference  antenna  was  installed  at  the  distance  of 
180m,  and  it  corresponds  to  1.1*DVX.  Though  the  far  field  criterium  was  not 
fulfilled,  it  was  10%  more  than  DVX,.  This  distance  value  will  not  produce 
substantial  errors  in  gain  measurements,  but  it  would  produce  small  variations  in 
the  radiation  pattern  measurements  when  the  secondary  lobe  levels  were 
computed  and  high  gain  antennas  are  involved. 

Several  reference  antennas  were  used  according  to  the  measurement  band.  In  the 
case  of,  “S”  and  “X”  band  frequencies,  this  reference  antenna  is  a  parabolic 
reflector  type,  while  a  cylindrical  helix  was  used  as  a  reference  antenna  for  the 
‘TJHF”  band. 

In  all  frequency  bands,  the  reference  antenna  is  a  circular  polarization  antenna 
helical  type,  and  its  beamwidth  is  enough  to  illuminate  uniformly  the  satellite 
mockup.  This  avoids  in  part  the  signal  level  produced  by  the  terrestrial  reflection. 
This  value  is  considered  to  be  around  20  dB  below  the  direct  ray-illuminating 
signal  according  to  the  transmitting  antenna  pattern. 

In  figure  5,  an  outline  of  the  antenna  test  range  used  in  the  “XJHF”  band  gain 
measurements  is  shown.  Figure  6  shows  a  sketch  of  the  antenna  range  used  in 
“S”  and  “X”  bands  gain  measurements. 

To  carry  out  the  gain  measurement  a  spectrum  analyzer  HP8563E  is  used.  It 
allows  to  measure  the  level  of  the  operation  frequency  received  power.  It’s 
important  filtering  the  influence  of  any  spurious  signal.  These  spurious  signals  are 
visualized  in  the  screen  of  the  instrument  and  measurements  are  not  carried  out  if 
the  interfering  signals  are  at  least  30  dB  below  the  useful  signal. 

Wide  band  power  measurements  have  been  discarded  because  interference  signal 
level  from  any  part  of  the  spectrum,  is  extremely  high  and  comparable  with  the 
useful  signal  level,  not  permitting  accurate  measurements. 

Gain  Antenna  determination  installed  in  the  mockup  is  very  important  because 
this  information  is  paramount  for  the  link  budget  calculation  between  the  satellite 
and  the  earth  station.  This  measurement  must  be  made  in  the  satellite  axis  as  well 
as  in  the  angular  positions  of  ±30°  and  ±60°  to  assure  the  link  in  each  position. 
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Figure  4  b.  Propulsion  Platform  Antennas  Location 


Figure  5,  Antenna  Test  Range  used  in  “UHF”and  GPS  Bands 


Figure  6,  Antenna  Test  Range  used  in  “S”  and  “X”  Bands 
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Due  to  the  difficulty  of  using  the  three  antennas  method  at  these  distances,  the 
measurement  is  made  by  comparison  with  an  antenna  previously  calibrated  in  the 
anechoic  chamber. 

The  comparison  antenna  is  a  cylindrical  helix  whose  gain  is  approximately  of  6 
dBic  for  the  ‘TJHF”  band,  13  dBic  for  the  “S”  band  and  12  dBic  for  the  “X” 
band. 

Gain  measurement  results  for  the  UHF  antenna  can  be  seen  in  figure  7.  Results 
obtained  for  SI  antenna  can  be  seen  in  figure  8  for  all  the  antenna  positions,  i.e. 
for  0°,  ±30°  and  ±60°.  The  same  measurements  for  the  S2  antenna  can  be  seen  in 
figure  9. 

For  the  antennas  S3-S4  installed  on  the  main  and  rear  platform  five  positions 
measurements  on  each  frequency  were  made.  First,  pointing  the  main  platform 
toward  the  reference  and  later,  repeating  the  same  measurements,  pointing  the 
rear  platform  to  the  reference.  Results  can  be  seen  in  figure  10. 

Gain  measurement  results  for  “X”  Band  antenna  can  be  seen  in  figure  1 1  (XI) 
and  figure  12  (X2),  for  all  the  antenna  positions,  i.e.  for  0°,  ±30°  and  ±60°. 

4.  “GPS”  BAND  ANTENNAS  (1400  -  1700  MHz) 

4.1  SYSTEM  DESCRIPTION 

These  antennas  are  part  of  two  experiments  on  board  of  the  Argentine  Scientific 
Applications  satellite  SAC-C.  Four  antennas  are  components  of  GOLPE 
experiment  (Gps  OccuLtation  and  Passive  reflection  Experience)  among  them, 
two  are  reflector  type  conical  helix,  one  is  a  conical  helix  located  in  the  principal 
platform  and  the  last  one  is  a  circular  patch  located  in  the  rear  platform.  (GPS  is 
the  standard  Global  Positioning  System).  Additional  four  rectangular  patch 
antennas  are  used  in  the  GPS  Tensor  system  of  INES  experiment  (Italian 
Navigation  Experiment  for  SAC-C). 

The  GOLPE  instrumentation  consists  of  one  TurboRogue  III  GPS  receiver, 
provided  by  NASA  JPL,  attached  to  four  independent  high  gain  antennas 
respectively  pointed  in  the  zenith,  nadir,  fore  and  aft  velocity  directions.  Three  of 
these  antennas  are  right  circular  polarized  and  the  Nadir  antenna  is  left  circular 
polarized. 
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Gain  [dBie] 


Figure  7,  “UHF”  patch  antenna  gain,  placed  on  the  SAC-C  satellite  mockup, 
A  mean  between  the  measurements  of  two  mockup  positions  was  made. 


Figure  8,  SI  “S  ”  band  antenna  gain,  placed  on  the  SAC-C  satellite  mockup. 
A  mean  between  the  measurements  of  two  mockup  positions  was  made. 
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Figure  9,  S2  “S  ”  band  antenna  gain,  placed  on  the  SAC-C  satellite  mockup. 
A  mean  between  the  measurements  of  two  mockup  positions  was  made. 


Figure  10,  S3-S4  “S  ”  band  antenna  gain,  placed  on  the  SAC-C  satellite  mockup. 
A  mean  between  the  measurements  of  two  mockup  positions  was  made. 
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Figure  1 1,  XI  “X  ”  band  antenna  gain,  placed  on  the  SAC-C  satellite  mockup. 
A  mean  between  the  measurements  of  two  mockup  positions  was  made. 


Figure  12,  X2  “X  ”  band  antenna  gain,  placed  on  the  SAC-C  satellite  mockup. 
A  mean  between  the  measurements  of  two  mockup  positions  was  made. 
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The  objective  of  this  instrument  is  to  record  all  the  direct,  refracted  and  Earth 
reflected  GPS  signals  as  received  by  the  low  earth  orbiting  SAC-C  satellite. 

The  high  gain  fore  and  aft  antennas  (conical  helix  with  reflector)  will  receive 
setting  and  rising  satellites  occulted  by  the  Earth’s  limb  permitting  the  use  of  GPS 
occultation  techniques  to  determine  atmospheric  temperature  and  water  vapor  at  a 
rate  of  nearly  500  per  day  uniformly  distributed  over  the  globe.  The  nadir  pointing 
antenna  (conical  helix)  will  be  used  to  determine  the  utility  of  GPS  signals 
reflected  from  the  Earth’s  surface  to  characterize  the  elevation  and  roughness  of 
the  Earth's  surface  for  applications  such  as  the  determination  of  oceanic 
circulation  and  surface  winds. 

The  scientific  objective  of  this  experiment  is  the  determination  of  ionospheric  and 
atmospheric  structure  and  the  study  of  GPS  signals  reflected  from  the  Earth's 
surface. 

The  left  circular  polarized  conical  helix  antenna  is  installed  on  a  metallic  support 
attached  directly  on  the  main  platform  of  SAC-C  satellite  and  it  looks  toward  the 
earth.  The  two  conical  helixes  with  reflector  antennas  are  located  at  two  lateral 
faces  of  the  satellite  body  (Limb  antennas).  The  remaining  circular  patch  antenna 
is  installed  over  a  metallic  support  and  placed  in  the  propulsion  platform  of  the 
satellite. 

The  INES  experiment  is  composed  of  two  separate  systems;  the  GPS  Tensor 
receiver  and  the  Lagrange  GNSS  receiver  (Global  Navigation  Satellite  Systems) 

These  two  receivers  have  completely  different  objectives.  The  INES  instruments 
are  developed  by  LABEN  under  funding  by  the  Italian  Space  Agency  (ASI). 

The  GPS  Tensor  is  used  by  the  SAC-C  satellite,  as  a  primary  AOCS  (Attitude 
Orbit  Control  Subsystem)  sensor  providing  navigation  and  attitude  solutions. 

The  GPS  Tensor^M  receiver  is  a  space-qualified  GPS  attitude  and  orbit 
determination  system  that  provides  13  output  states  of  navigation  and  attitude 
information.  It  is  composed  of  two  major  subassemblies:  the  receiver/processor 
unit  (RPU)  with  a  RS-422  interface  and  four  rectangular  patch  antennas  and 
preamplifiers. 

All  the  antennas  involved  in  the  GPS  experiments  are  provided  by  NASA,  JPL 
and  LABEN.  The  performance  tests  of  those  GPS  antennas  were  performed  in 
the  CITEFA  Antenna  and  Propagation  Laboratory. 
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At  the  same  time  construction,  adjustment  and  testing  of  several  models  of 
conical  helixes  similar  to  those  installed  on  board  of  the  SAC-C  satellite,  were 
made  at  the  CITEFA’s  Antennas  and  Propagation  Lab,  in  order  to  get  antennas  for 
pattern  and  gain  measurements  [5], 

Antennas  involved  on  the  different  experiments  should  have  a  voltage  standing 
wave  ratio  less  than  2  (VSWR<2)  and  they  must  be  of  right  hand  circular 
polarization  (except  for  the  lef  hand  polarized  NADIR  antenna)  within  the 
operation  band.  To  fulfill  this  last  requirement  any  antenna  must  have  an  axial 
ratio  less  than  6  dB. 

Figures  13  to  16  show  the  sketches  of  these  antennas  and  their  main 
characteristics  are: 

-CIRCULAR  PATCH  ANTENNA. 

This  antenna  is  supplied  by  Sensor  Systems  Inc.,  Chatswort, 
California,  United  States.  Antenna  part  number  S67-1575-14  and  serial  number 
1952  was  tested  at  the  CITEFA’s  Antennas  and  Propagation  Lab. 

-NADIR  CONICAL  HELIX  ANTENNA. 

This  is  a  left-hand  circular  polarized  conical  helix  antenna.  This 
antenna  is  made  up  by  a  two  turns  conical  helix.  This  helix  is  made  up  by  wire 
straight  pieces,  which  are  placed  around  a  dielectric  pyramidal  structure  and 
mounted  over  a  metallic  ground  plane. 


-LIMB  CONICAL  HELIX  ANTENNA. 

This  is  a  conical  helix  antenna  of  right  hand  circular  polarization 
with  an  additional  metallic  reflector.  Antenna  is  made  up  by  two-turn  helix 
formed  by  straight  conductive  pieces,  which  was  placed  around  a  dielectric 
pyramidal  structure  and  mounted  over  a  metallic  ground  plane. 

-RECTANGULAR  PATCH  ANTENNA. 

These  antennas  were  supplied  by  Trimble  Navigation.  Antennas 
with  part  number  16185-00  and  serial  numbers  0080243465,  0080243458  and 
0080245463  were  tested  at  the  CITEFA’s  Antennas  and  Propagation  Lab. 
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Figure  13,  Circular  Patch  Antenna  CXitline 


Figure  14,  Nadir  Conical  Helix  Antenna  Outline 
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Figure  16,  Rectangular  patch  antenna  outline 
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4.2  SATELLITE  MOCKUP  MEASUREMENTS. 


Different  kinds  of  antennas  were  installed  on  the  satellite  real  scale  mockup. 
Antennas  installed  in  the  main  and  propulsion  platforms  are  located  among 
several  metallic  structures  of  the  different  scientific  experiments.  These  close 
metallic  structures  and  the  metallic  satellite  structure  could  affect  the  antenna 
radiation  characteristics.  For  this  reason  radiation  patterns  must  be  determined 
with  the  antenna  installed  in  the  satellite  mockup,  in  order  to  know  the  metallic 
structure  effects  compared  to  the  radiation  patterns  of  the  antenna  alone. 


4.2.1  Radiation  patterns. 

Measurements  of  radiation  patterns  have  been  carried  out  in  the  far  field.  Keeping 
in  mind  the  far  field  distance  criterium  or  R=  2*DV^,  the  minimum  measurement 
distance  for  the  “GPS”  band  corresponds  at  a  distance  R=60  meters. 

In  this  case  the  maximum  satellite  dimension  is  taken  into  account  due  to  the 
simulated  solar  panels.  For  this  reason,  the  reference  antenna  was  installed  at  a 
distance  of  80m  in  order  to  assure  the  far  field  criterium.  The  reference  antenna  is 
of  the  helical  type  designed  to  obtain  right  circular  polarization  and  its  beamwidth 
is  enough  to  illuminate  the  satellite  mockup.  This  avoids  in  part  the  signal  level 
produced  by  the  terrestrial  reflection.  This  value  is  considered  to  be  around  20  dB 
below  the  direct  ray-illuminating  signal. 

Figure  5  shows  an  outline  of  the  antenna  test  range.  The  location  of  each  antenna 
in  the  satellite  can  be  seen  in  figure  4. 

Radiation  patterns  measured  at  1575  MHz,  for  the  GPS  antennas  installed  in  the 
SAC-C  satellite  mockup  are  shown  in  figures  17. 

The  NADIR  and  LIMB  antennas  installed  in  the  SAC-C  satellite  mockup  were 
reproduced  at  CITEFA  Antennas  and  Propagation  Lab,  because  only  flight 
antennas  were  received  fi'om  IPL  and  they  were  tested  in  radiation  patterns,  input 
impedance  and  gain.  These  antennas  were  reproduced  for  mockup  measurements. 
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Circular  Patch  Antenna 


Nadir  Antenna 


Rectangular  Patch  Antenna  Rectangular  Patch  Antenna 

Propulsion  platform  Propulsion  platform 


Figure  17,  GPS  Antennas  radiation  patterns 


4.2.2  Gain  determination. 


As  it  was  indicated  previously,  gain  measurements  were  performed  using  a 
spectrum  analyzer  HP  8563E  by  means  of  comparison  technique.  The  comparison 
antenna  is  a  cylindrical  helix  whose  gain  is  approximately  of  12  dBic. 

The  measured  gain  of  the  GPS  antennas  are  shown  in  figures  18  to  21. 

Gain  was  measured  between  1400  to  1700  MHz,  to  analyze  the  behavior  of  this 
parameter  as  a  function  of  frequency. 


5.  CONCLUSIONS. 

Measurements  carried  out  for  the  isolated  antennas  are  inside  the  specified  values. 

When  the  antennas  are  installed  on  the  satellite  mockup  the  strong  influence  of 
the  metallic  structures  surrounding  it  can  be  observed.  This  effect  produces  an 
important  distortion  in  the  measured  radiation  patterns.  This  is  evident  when  a 
comparison  is  made  with  values  obtained  on  the  isolated  antenna.  Similar  effect 
can  be  observed  among  gain  values  measured  in  the  antenna  installed  in  the 
satellite  mockup  with  respect  to  those  obtained  with  the  isolated  antenna. 

Although  the  values  obtained  for  gain  and  radiation  patterns  are  not  optimum, 
conclusions  are  that  link  in  this  band  will  be  carried  out  without  any  problem  due 
to  the  gain  values  obtained  by  measurements  that  fulfill  specifications. 
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Figure  18,  Circular  Patch  Antenna  Gain,  placed  on  SAC-C  satellite  mockup 


Figure  19,  NADIR  Antenna  Gain,  placed  on  SAC-C  satellite  mockup 
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Figure  21,  Rectangular  Patch  Antenna,  placed  on  SAC-Csatellite  mockup 
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Very  large  inflatable  reflector  antennas  are  currently  being  investigated  for 
medium  earth  orbit  (MEO)  space-based  radar.  The  present  concept  would 
utilize  a  reflector  antenna  with  a  60  meter  diameter  in  order  to  achieve 
sufficient  aperture  and  power  on  target  from  a  low-MEO  orbit.  These  large 
inflatable  reflectors  are  subject  to  various  mechanical  errors  and  shape 
deformations  which  would  affect  the  overall  performance  of  the  antenna. 
The  mechanical  errors  could  arise  from  various  sources  such  as  seams  in  the 
reflector  material  fabric,  holes  in  the  material  fabric  caused  by  micrometeors 
and  resulting  in  uneven  pressure  distribution,  uneven  thermal  heating,  and 
deformations  induced  by  the  platform  thrusters.  We  discuss  various 
approaches  to  model  the  effects  of  these  mechanical  errors  on  the  overall 
performance  of  the  reflector  antenna.  Methods  of  compensating  for  the 
errors  using  digital  beamforming  techniques  are  also  discussed. 

1.  Introduction 

Inflatable  reflector  antennas  [1,2]  offer  an  attractive  method  for  achieving  a  large 
antenna  aperture  for  high-gain  space-based  radar  and  communications 
applications.  One  space-based  radar  application  of  interest  to  the  Air  Force 
requires  a  60  meter  diameter  reflector  antenna  in  order  to  achieve  sufficient  power 
on  target  in  a  low-MEO  orbit.  The  inflatable  reflector  antenna  is  attractive 
because  it  has  a  low  weight  can  be  easily  transported  to  space  on  a  rocket  or  space 
shuttle  in  a  deflated  configuration,  and  inflated  once  it  is  orbit. 
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There  are,  however,  some  disadvantages  to  using  an  inflatable  reflector,  rather 
than  a  more  rigid  construction.  Firstly,  the  reflector  must  be  constantly  inflated 
due  to  holes  arising  from  micrometeors  [1]  and  other  punctures  and  leaks.  These 
leaks  often  lead  to  uneven  pressure  distribution  within  the  reflector,  causing 
surface  errors.  Uneven  thermal  heating  due  to  solar  radiation  is  another  source  of 
error  that  may  lead  to  deformation  of  the  reflector  surface.  Yet  another  source  of 
surface  error  arises  due  to  the  various  acceleration  vectors  acting  at  various 
portions  of  the  structure  due  to  the  attached  spacecraft  thruster  activation.  The 
seams  in  the  reflector  surface  also  deform  the  surface.  Figure  1  illustrates  a  60 
meter  reflector  and  these  various  sources  of  error  on  the  reflector  surface. 
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Figure  1:  Illustration  of  a  60  meter  inflatable  reflector  antenna  and  attached 
spacecraft  showing  various  sources  of  reflector  surface  errors.  These  errors 
include  spacecraft  motion  due  to  activation  of  spacecraft  thrusters,  micrometeors 
which  may  puncture  holes  in  reflector  skin,  solar  radiation,  which  induces  surface 
deformations  due  to  uneven  thermal  heating,  and  seams  in  the  reflector  fabric. 
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We  are  concerned  here  with  the  effect  that  these  various  sources  of  mechanical 
error  on  the  reflector  surface  will  have  on  the  overall  antenna  performance. 
Depending  on  the  severity  of  the  deformations,  the  surface  errors  will  have 
detrimental  effects  on  the  antenna  main  beam  and  sidelobes.  The  first  stage  of  our 
work,  therefore,  is  to  model  the  reflector  with  the  induced  surface  errors  and  to 
get  an  idea  of  the  antenna  performance  under  various  perturbations  in  the  surface. 

Assuming  that  the  mechanical  surface  errors  significantly  degrade  the 
performance  of  the  antenna,  the  next  question  that  we  wish  to  address  is  whether 
these  surface  errors  can  be  compensated  for  using  a  phased-array  feed  with 
transverse  equalization.  Digital  beamforming  (DBF)  is  gaining  popularity  as  a 
method  of  forming  a  phased-array  feed,  and  would  be  ideally  suited  for 
implementing  such  a  transverse  equalization  procedure.  In  a  practical 
implementation,  the  reflector  surface  errors  could  be  measured  in  real-time  using 
a  raster-scanned  laser  interferometer  located  near  the  feed  and  used  as  an  input  to 
generate  the  DBF  correction  weights. 

2.  Modeling  the  Reflector  Surface  Errors 

Independent  of  the  origin  of  the  reflector  surface  error,  whether  it  be  due  to 
thermal  effects,  leakage  or  thruster  activation,  we  can  model  surface  errors 
mathematically  as  consisting  of  a  “desired”  surface,  such  as  a  parabolic  reflector 
shape,  plus  a  surface  perturbation  due  to  the  mechanical  errors.  The  surface 
perturbations  may  be  modeled  as  either  “continuous”  or  “segmented”.  In  the 
continuous  case,  the  surface  errors  may  be  modeled  mathematically  using  either  a 
polynomial  or  superposition  of  sinusoids.  In  the  segmented  case,  the  panel  seams 
are  considered,  which  may  not  be  modeled  using  smooth  mathematical  functions. 

We  are  currently  developing  a  CAD  tool  which  will  generate  the  geometry 
required  to  model  surface  errors  in  both  the  continuous  and  segmented  case.  This 
CAD  tool  will  allow  the  antenna  designer  or  systems  engineer  to  input  the 
antenna  geometry  and  specify  various  types  and  magnitudes  of  mechanical 
surface  errors.  The  software  will  then  automatically  generate  an  electromagnetic- 
compatible  mesh  in  order  to  compute  the  antenna  gain  and  radiation  pattern  using 
a  computational  electromagnetic  field  solver. 

3.  Radiation  Pattern  Calculations 

There  are  two  general  methods  for  evaluating  the  radiation  pattern  of  a  reflector 
antenna:  aperture-field  method  and  current-distribution  method.  In  the  first 
method,  one  obtains  the  far  field  from  the  field  distribution  in  the  aperture  plane. 
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where  it  assumes  that  the  reflection  from  the  surface  forms  a  planar  wavefront. 
This  is  true  for  a  paraboloidal  reflector  fed  at  its  focus  point,  but  otherwise  it  is 
not  true.  The  current-distribution  method,  however,  calculates  the  far  field  from 
the  currents  induced  on  the  reflector  surface  because  of  the  primary  feed  of  the 
feed.  Therefore,  it  is  a  general  method  and  adopted  in  shaped  antennas. 

An  easy  way  to  obtain  the  induced  current  distribution  on  the  reflector  is  using  the 
physical  optics  (PO)  approximation  [3],  which  gives 

J=2nxH  (1) 


where  H  is  the  magnetic  field  produced  by  the  feed,  and  n  is  the  normal  direction 
of  the  surface.  From  the  induced  current  J,  one  easily  obtains  the  far  field  pattern. 

However,  it  is  not  accurate  to  evaluate  the  current  distribution  using  the  PO 
method.  An  exact  way  to  obtain  J  is  solving  an  electric  field  integral  equation, 
which  numerically  leads  to  a  matrix  equation.  When  the  electrical  size  of  the 
reflector  is  large,  it  is  impossible  to  solve  the  matrix  equation  by  using  the 
conventional  LU  decomposition  method,  in  which  the  total  CPU  time  is 
proportional  to  and  the  storage  requirement  is  of  order  of  0(N^).  To  solve  the 
large  problem  accurately,  we  use  the  multilevel  fast  multipole  algorithm 
(MLFMA)  [4,5],  in  which  both  the  CPU  time  and  storage  requirement  are  only  of 
order  of  0(N  log  A^.  In  the  examples  we  provide,  we  use  6-level  MLFMA. 

4.  Results 

We  have  computed  the  radiation  patterns  for  a  60  meter  parabolic  reflector 
antenna  using  both  the  PO  and  MLFMA  technique.  Due  to  present  computer 
resources  on  our  DEC  Alpha  computer  workstation,  we  have  only  computed  the 
patterns  at  100  MHz  to  date.  At  this  frequency,  the  reflector  is  20  wavelengths, 
and  the  MLFMA  computes  the  patterns  using  a  full  3-D  computational  EM  code. 
We  plan  to  extend  this  solution  to  1  GHz  and  above  using  an  SGI  Origin  2000 
computer.  However,  at  1  GHz  the  reflector  is  200  wavelengths  in  diameter,  which 
is  near  the  maximum  problem  size  that  may  be  solved  using  the  MLFMA  with 
present-day  computer  resources. 

The  antenna  geometry  and  electromagnetic  mesh  are  currently  generated  using  the 
IDEAS  software  package.  Although  this  software  does  not  allow  us  to  specify 
arbitrary  antenna  surface  errors  as  discussed  previously,  we  can  generate  a 
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circularly  symmetric  reflector  with  circularly  symmetric  surface  perturbations. 
The  geometry  is  generated  as 

z=  xV4/,  forxe[0,10)  (2) 

X  4/+  5  sin[0. 1  n  (x-1 0)],  for  x  €  [1 0,20) 
x^/4/,  forxe  [20,30]. 

where  z  is  the  reflector  normal, /is  the  focal  length  of  20  meters,  and  x  is  also  in 
meters.  This  2-D  geometry  is  then  rotated  about  the  z-axis  using  IDEAS  to 
generate  the  3-D  circularly  symmetric  reflector  surface. 

Figure  2  shows  the  radiation  pattern  for  a  60  meter  reflector  antenna  computed  at 
100  MHz  using  both  the  PO  and  MLFMA  algorithms.  The  input  source  is  a 
horizontal  electric  dipole  placed  at  the  focus.  Clearly,  the  PO  algorithm  does  not 
adequately  model  the  radiation  pattern.  The  sidelobe  computation  is  particularly 
poor,  although  there  is  also  some  error  in  the  computation  of  the  mainlobe 
beamwidth.  Figure  3  shows  a  comparison  of  the  radiation  pattern  computed  using 
MLFMA  with  no  surface  error  (5=  0)  and  with  a  surface  error  of  (5=  0.1).  Figure 
4  shows  a  similar  comparison  with  (6=  0.2). 

5.  Conclusions 

We  discussed  the  modeling  of  reflector  surface  errors  on  a  very  large  diameter 
inflatable  reflector  antenna.  Radiation  patterns  were  computed  using  both  the  PO 
and  MLFMA  techniques.  The  PO  method  clearly  does  not  model  the  antenna 
sidelobes  accurately,  which  justifies  the  use  of  the  full- wave  MLFMA  solution.  It 
is  expected  that  reflector  surface  errors  will  manifest  themselves  primarily  in  the 
radiation  pattern  sidelobes.  Therefore,  it  is  imperative  that  the  field  solver 
compute  the  sidelobes  accurately.  Unfortunately,  the  modeling  of  such  a  large 
reflector  antenna  (200  wavelengths  at  L-band)  is  pushing  the  limits  of  present-day 
computer  resources  and  computational  EM  algorithms.  Future  work  will  involve 
not  only  the  modeling  of  these  reflector  antenna  surface  errors,  but  schemes  to 
correct  for  these  errors  using  digital  beamforming.  We  also  plan  to  model  more 
general  reflector  surface  errors. 
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Figure  2:  Comparison  of  PO  and  MLFMA  solutions  for  a  60  meter  parabolic 
reflector  antenna  at  100  MHz  (200  wavelength  diameter)  with  no  surface 
errors.  The  PO  solution  does  not  accurately  model  the  sidelobes. 


Figure  3:  Comparison  of  60  meter  inflatable  reflector  with  no  errors  (5=  0)  and 
reflector  with  errors  (5=  0.1)  in  Equation  (2).  Both  solutions  computed  using 
MLFMA. 
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Abstract:  A  novel  dual-feed  reconfigurable  leaky-wave/patch  antenna 

aperture  is  presented.  The  structure  consists  of  two  leaky-wave  antennas 
and  a  patch  antenna,  all  three  of  which  share  the  same  physical  aperture. 
The  mode  of  operation  can  be  reconfigured  by  turning  on  or  off  the 
appropriate  pin  diode  switches.  When  the  pin  diode  switches  are  turned  on, 
the  entire  aperture  is  operated  as  a  leaky-wave  antenna.  Due  to  the  unique 
dual-feed  configuration  of  the  leaky-wave  aperture,  the  antenna’s  tilted  main 
beam  can  be  steered  with  high  gain  symmetrically  in  either  direction.  When 
the  pin  diode  switches  are  turned  off,  the  reconfigurable  aperture  is  operated 
as  a  patch  antenna  with  moderate  gain  at  broadside.  The  reconfigurable 
structure  cleverly  utilizes  the  field  configurations  of  each  aperture’s  mode 
configuration  to  provide  maximum  isolation  between  the  different  ports. 
Input  return  loss,  antenna  gain  and  radiation  patterns  of  each  aperture  are 
consistent  with  standard  leaky-wave  and  patch  antenna  characteristics.  The 
dual-feed  leaky-wave/patch  antenna  structure  is  employed  to  realize  a  multi- 
port  reconfigurable  leaky-wave/patch  antenna  aperture.  The  multi-port 
structure  provides  excellent  scan  coverage  through  a  combination  of  five 
separate  antennas  that  share  the  same  radiating  aperture. 


I.  INTRODUCTION 

The  abundance  of  antennas  in  modem  radar  and  communications  systems 
has  resulted  in  an  explosion  in  the  number  of  antennas  both  on  the  ground  and  in 
orbital  space.  The  need  to  reduce  antenna  size  has  accordingly  become  more 
important,  especially  in  payload  situations  where  space  comes  at  a  premium.  It  is 
highly  desirable,  therefore,  to  develop  topologies  and  techniques  where  a  number 
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of  antennas  that  cover  different  frequency  bands  and/or  serve  different 
functionalities  can  share  a  single  physical  aperture  without  sacrificing  system 
performance.  It  is  of  no  surprise,  then,  that  reconfigurable  aperture  antennas  have 
garnered  increased  attention  in  the  literature  recently  [1]  [2]  [3]. 

To  address  this  need,  we  recently  proposed  in  [4]  a  reconfigurable  leaky- 
mode/multifunction  patch  antenna  array  structure.  In  this  scheme,  long  leaky- 
wave  apertures  form  a  linear  array  and  can  be  frequency  scanned  with  high  gain 
(12  dB).  Using  conventional  or  MEMS  switches,  each  of  the  leaky  wave 
apertures  can  be  segmented  into  several  smaller  patch  antenna  apertures,  with  the 
mode  of  operation  controlled  by  the  state  of  the  switches.  The  individual  patches 
can  be  designed  to  operate  at  multiple  frequency  bands  with  moderate  gain  at 
broadside.  In  [5]  and  [6],  we  demonstrated  the  viability  of  this  structure  through  a 
simplified  version  of  the  proposed  concept. 

In  this  paper,  we  extend  the  reconfigurable  leaky-mode/patch  aperture 
concept  to  realize  a  multi-port  structure,  as  shown  in  Fig.  1.  In  this  scheme,  two 
reconfigurable  dual-feed  leaky-wave  antennas  are  placed  perpendicular  to  each 
other.  The  intersection  of  the  two  dual-feed  leaky- wave  antennas  forms  a  patch 
antenna  structure,  with  the  resulting  system  forming  the  basis  for  a  multi-port 
antenna.  This  reconfigurable  multi-port  antenna  serves  three  main  purposes. 
First,  the  structure  expands  upon  our  original  reconfigurable  aperture  concept. 
Specifically,  the  multi-port  antenna  structure  utilizes  five  distinct  antennas  that 
are  physically  sharing  the  same  radiating  aperture.  To  the  author’s  best 
knowledge,  this  is  the  greatest  number  of  antennas  to  all  physically  share  the  same 
radiating  aperture.  Second,  the  multi-port  aperture  demonstrates  that  each  patch 
antenna  can  be  reconfigured  and  shared  with  two  degrees  of  freedom.  This 
extends  the  functionality  of  the  reconfigurable  leaky- wave/patch  concept,  and  can 
potentially  be  used  to  form  a  full  2D  reconfigurable  leaky-wave/patch  phased 
array,  which  is  shown  conceptually  in  Fig.  2.  Finally,  the  multi-port  antenna 
demonstrates  that  each  leaky-wave  antenna  can  be  reconfigured  into  a  patch 
aperture  at  any  point  along  the  leaky-wave  aperture  without  sacrificing  the 
performance  of  either  the  patch  or  leaky-wave  antenna.  This  should  be 
distinguished  from  the  test  structure  we  demonstrated  in  [6],  where  the  patch 
apertures  were  placed  at  the  end  of  the  leaky-wave  antenna.  Here,  most  of  the 
leaky-mode  field  has  vanished  due  to  radiation. 


II.  APERTURE  DESIGN  &  OPERATION 

The  antenna  is  built  on  RT/Duroid  substrate  with  permittivity  Sr  =  2.33 
and  thickness  t  =  31  mils.  The  multi-port  aperture  is  a  five-port  device,  with  the 
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first  four  ports  designated  as  the  rotationally  symmetric  leaky-wave  ports  and  port 
5  as  the  probe-fed  patch  port.  An  enlargement  of  the  central  patch  region  is 
shown  in  Fig.  3.  Eight  pin-diode  switches  separate  the  central  patch  structure 
from  the  four  leaky-wave  arms.  Shorting  vias  are  used  in  each  of  the  leaky-wave 
mode  launchers  to  suppress  the  undesired  fundamental  even  mode  while 
simultaneously  exciting  the  desired  first  higher-order  odd  mode.  As  a  result,  each 
of  the  leaky-wave  arms  is  intrinsically  grounded  at  DC.  Due  to  the  arrangement 
of  the  pin-diode  switches,  only  two  leaky-wave  ports  can  be  turned  on  at  any 
instant.  For  example,  when  a  positive  bias  is  fed  through  the  patch  antenna  port, 
all  the  horizontally  placed  pin-diode  switches  turn  on,  while  the  vertically  placed 
pin-diode  switches  are  off  The  opposite  occurs  when  a  negative  bias  is  fed 
through  the  patch  antenna  port.  As  we  shall  see  later,  this  arrangement 
intrinsically  isolates  any  two  leaky-wave  arms  that  are  perpendicular  to  each 
other.  The  pin-diode  switches  that  separate  the  central  patch  antenna  structure 
from  each  of  the  leaky-wave  arms  are  strategically  placed  along  the  edges  of  the 
leaky-wave  antenna,  where  the  leaky-mode  field  profile  is  maximum.  This 
arrangement  ensures  minimal  insertion  loss  of  the  leaky-mode  when  the  switches 
are  turned  on. 


III.  RADIATION  PATTERNS 

The  multi-port  antenna  aperture  demonstrates  the  multi¬ 
mode/multifunction  characteristics  of  the  reconfigurable  leaky-wave/patch 
aperture  concept.  Each  of  the  leaky-wave  arms  provides  moderate  bandwidth  of 
about  1 3%  when  the  diodes  are  switched  for  leaky-mode  operation,  as  shown  in 
Fig.  4.  An  inherent  trait  of  leaky-wave  antennas  is  the  ability  to  frequency  scan 
the  tilted  main  beam  with  relatively  high  gain  (~12  dB).  This  is  demonstrated  in 
Fig.  5,  where  30°  of  scan  coverage  is  achieved  about  the  elevation  angle  in  the 
operating  band  of  the  leaky-wave  antennas. 

When  a  ground  bias  is  fed  through  the  probe- fed  patch  port,  all  of  the  pin- 
diode  switches  are  turned  off  and  the  multi-port  antenna  operates  solely  in  the 
patch  mode.  This  is  clearly  demonstrated  in  Fig.  6,  where  we  have  achieved  an 
input  match  of -18  dB  at  the  resonant  frequency.  It  should  be  noted  that  the  patch 
antenna  was  originally  designed  to  operate  at  8  GHz.  However,  due  to  the 
combined  loading  effects  of  the  pin-diode  switches  and  the  surrounding  leaky- 
wave  antenna  metallization,  the  operational  frequency  has  shifted  slightly  to  7.77 
GHz.  Despite  the  shift  in  frequency,  the  measured  radiation  patterns  in  Fig.  7  of 
the  patch  antenna  are  consistent  with  conventional  patch  patterns,  showing  only  a 
slight  perturbation  in  the  H-plane  that  is  due  to  the  loading  effects  of  the 
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surrounding  metallization  and  the  pin-diode  switches.  The  resonant  patch  antenna 
offers  broadside  coverage  with  moderate  gain,  with  a  ffont-to-back  ratio  better 
than  15  dB. 


IV.  ISOLATION 

An  important  parameter  for  any  transmitting  or  receiving  system  is  the 
isolation  between  the  different  ports.  This  requirement  becomes  more  paramount 
in  the  case  of  the  reconfigurable  aperture,  where  one  or  more  antennas  are 
physically  sharing  the  same  aperture.  The  isolation  between  any  two  ports  is 
measured  by  recording  the  insertion  loss  with  all  other  ports  terminated  by  500 
loads.  When  the  diodes  in  one  direction  are  turned  on,  we  measure  the  isolation 
between  two  parallel  arms.  Although  a  direct  patch  exists  between  the  input  and 
output  ports  in  this  configuration,  we  should  expect  good  isolation  since  we 
expect  most  of  the  excited  leaky-mode  will  have  been  radiated  by  the  time  the 
wave  arrives  at  the  output  port.  The  results  are  shown  in  Fig.  8,  where  it  is 
observed  the  isolation  is  better  than  -15  dB  in  the  operating  band  of  the  leaky- 
wave  antenna.  This  level  of  isolation  should  drop  further  as  the  length  of  the 
leaky-wave  aperture  is  increased.  Meanwhile,  we  expect  better  isolation  between 
perpendicular  arms,  since  the  pin-diode  configuration  utilized  never  allows  a 
conducting  path  between  perpendicular  arms.  This  is  exactly  the  case  as  seen  in 
Fig.  9,  where  isolation  is  better  than  -20  dB  in  the  operating  band  of  the  leaky- 
wave  antenna.  Finally,  the  most  susceptible  configuration  is  between  any  leaky- 
wave  port  and  the  patch  antenna  port,  since  the  separation  distance  is  the  shortest 
between  these  two  ports.  Nonetheless,  we  see  in  Fig.  10  that  across  the  operating 
band  of  the  leaky-wave  arms  and  in  the  resonant  frequency  of  the  patch  antenna, 
isolation  is  measured  to  be  better  than  -15  dB.  It  should  be  noted  that  these 
isolation  values  represent  the  intrinsic  isolation  of  the  antenna  aperture  itself  In 
system  configurations  where  isolation  requirements  are  much  more  stringent, 
additional  switches  can  be  utilized  at  the  input  ports  for  better  isolation. 
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V.  CONCLUSION 


A  reconflgurable  multi-port  antenna  aperture  utilizing  dual-feed  leaky- 
wave/patch  antennas  has  been  presented.  The  unique  structure  enables  excellent 
coverage  through  a  combination  of  four  scannable  leaky-wave  antennas  plus  a 
resonant  patch  antenna  with  broadside  coverage,  all  of  which  physically  share  the 
same  radiating  aperture.  Pin-diode  switches  enable  switching  between  the 
different  configurations  with  good  isolation  characteristics  and  minimal  pattern 
distortion. 
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Return  Loss  [dB] 
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Fig.  5:  Frequency  scanning  with  each  arm  of  the  multi-port  aperture. 
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Fig.  7:  Measured  radiation  patterns  in  the  patch  mode. 
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:  Measured  isolation  between  parallel  arms  of  multi-port  aperture. 
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Isolation  Between  Perpendicular  Arms 


Fig.  9:  Measured  isolation  between  perpendicular  arms  of  multi-port  aperture. 


Isolation  Between  Patch  &  Leaky-Wave  Ports 
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Fig.  10:  Measured  isolation  between  patch  port  and  leaky-wave  port. 
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Reconfigurable  patch  antennas  have  drawn  a  lot  of  attention  recently  as  a 
paradigm  for  generating  several  different  antenna  array  operating  modes 
with  a  single  reconfigurahle  antenna  aperture.  Such  “operating  modes”  may 
consist  of  various  operating  frequency  hands  (e.g.  L-hand  and  X-hand), 
polarizations,  heampatterns  or  nulls.  Different  technologies  have  been 
proposed  as  methods  of  switching  the  array  elements  to  the  various 
configurations  including  MEMS  switches,  photonic  switches,  and  solid-state 
switches,  including  FET  switches  and  PIN  diodes.  What  is  often  neglected  in 
the  reconfigurahle  antenna  design,  however,  is  a  practical  method  of  feeding 
the  antenna  elements.  In  this  paper,  we  discuss  stripline  feed  networks  that 
may  be  used  to  feed  reconfigurahle  patch  antennas,  independent  of  the 
switching  technology  used  to  reconfigure  the  elements.  Simulation  and 
measurement  results  are  presented  for  Wilkinson  power  dividers  used  to 
distribute  the  RF  energy  in  a  corporate  feed  network.  Blind  via  transitions 
are  used  to  transition  energy  from  the  feed  network  to  the  radiating 
elements,  and  results  are  presented  for  various  cases  considered. 

1.  Introduction 

Reconfigmable  antennas  have  gained  a  lot  of  attention  recently  [1-3]  as  a  method 
of  obtaining  several  operating  modes  out  of  a  single  antenna  aperture.  Such 
operating  modes  may  consist  of  different  frequency  bands,  polarizations, 
beampattems,  nulls,  etc.  for  which  the  antenna  may  be  configured  using  switching 
elements.  Different  technologies  have  been  proposed  as  methods  of  switching  the 
array  elements  to  the  various  configurations  including  MEMS  switches,  photonic 
switches,  and  solid-state  switches,  including  FET  switches  and  PIN  diodes.  What 
is  often  neglected  in  the  reconfigurahle  antenna  design,  however,  is  a  practical 
method  of  feeding  the  antenna  elements.  In  this  paper,  we  discuss  stripline  feed 
networks  Aat  may  be  used  to  feed  reconfigurahle  patch  antennas,  independent  of 
the  switching  technology  used  to  reconfigure  the  elements. 
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Last  year  [1],  we  presented  simulations  and  prototype  measurement  results  for  a 
3x3  array  of  microstrip  patch  elements  that  may  be  configwed  to  resonate  at 
either  L-band  or  X-band.  We  also  presented  a  general  adaptive  reconfigurable 
feed  (GARF)  methodology  whereby  each  array  configuration  would  be  fed 
independently  using  a  separate  stripline  corporate  feed.  In  the  current  paper,  we 
present  simulation  and  measurement  results  for  stripline  Wilkinson  power 
dividers  and  blind  via  transitions  that  may  be  used  both  as  a  basis  for  the 
corporate  feed  network  and  to  transition  between  the  multiple  PCB  layers. 

2.  Wilkinson  Power  Divider  Results 

An  X-band  Wilkinson  power  divider  was  designed  using  HFSS,  fabricated  and 
tested.  Figure  1  shows  the  CAD  model  used  for  HFSS.  A  termination  resistor  is 
shunted  across  the  output  arms  to  reduce  mismatch  reflections.  The  device  was 
fabricated  using  layers  of  0.030  inch  Rogers  5880.  Figures  2  and  3  show  the 
simulation  and  measured  data  at  X-band.  The  performance  is  excellent.  A  l-to-4 
power  divider  has  also  been  successfully  built  and  tested  at  X-band,  and  will  be 
presented  in  the  oral  presentation. 

3.  Blind  Via  Vertical  Transition  Results 

Blind  via  vertical  transitions  at  X-band  were  also  designed,  built  and  tested. 
Figure  4  shows  the  HFSS  model,  and  Figure  5  defines  the  various  components  of 
the  design.  The  design  started  using  the  coaxial  equation  relating  the  center  via 
pin  and  relief  opening  to  the  impedance 

Zo=  [  138  /  sqrt(  Sr)  ]  logio  (Rr/  Rv)  (1) 

where  Sr  is  the  relative  permittivity  of  the  substrate,  Rr  is  the  relief  hole  radius, 
and  Rv  is  the  via  hole  radius.  This  allows  us  to  obtain  a  course  estimates  of  the 
relief  hole  for  a  particular  via  size.  Next,  the  design  was  fine-tuned  using  HFSS. 

The  following  optimized  parameters  were  obtained  from  the  HFSS  simulations: 
Thru  via  diameter=  0.020  in 
Relief  diameter=  0.070  in 
Mode  suppression  pin  diameter=  0. 1 20  in 
Figure  6  shows  the  HFSS  results  on  a  Smith  chart.  Figure  7  shows  the 
corresponding  measured  data  on  the  Smith  Chart.  Figure  8  shows  the  return  loss 
(Sll)  and  insertion  loss  (S22).  The  measured  data  has  an  insertion  loss  of  about 
0.6  dB  and  an  input  match  of —18.2  dB.  Overall,  the  performance  is  very  good. 
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4.  Conclusions 


Wilkinson  power  dividers  and  blind  via  transitions  were  designed,  fabricated  and 
tested  for  application  to  reconfigurable  patch  antennas  using  stripline  technology. 
The  examples  presented  here  were  for  X-band.  Using  the  GARF  feed 
methodology,  a  separate  feed  mechanism  imcoupled  through  switches  would  be 
used  for  the  L-band  configuration.  A  similar  design  procedure  could  be  used  to 
design  the  L-band  transitions  and  power  splitters. 
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Figure  1:  HFSS  model  for  Wilkinson  power  divider. 
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Figure  5:  Definition  of  components  in  blind  via  vertical  transition. 


Figure  6:  HFFS  simulation  results  for  blind  via  vertical  transition. 


Figure  7:  Measured  Smith  Chart  results  for  blind  via  vertical  transition. 
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Figure  8:  Measured  return  loss  (SI  1)  and  insertion  loss  (S21)  results  for  blind  via 
vertical  transition. 
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PROGR4M  TO  PLOT  TOUCHSTONE®  ANTENNA 

CIRCUIT  FILES 


W.R.  Pickles 

U.S.  Naval  Research  Laboratory 
Washington,  DC  20375 

ABSTRACT:  It  is  frequently  necessary  to  build  feed  networks  and  power 
divider  networks  in  the  course  of  designing  antennas,  particularly  printed 
circuit  antennas.  Touchstone  is  an  easy-to-use  microwave  CAD  program 
which  is  commonly  used  to  design  such  networks.  A  program  is  presented 
which  produces  geometric  representations  of  Touchstone  circuits  in  DXF 
format.  The  features  of  the  program  include:  (1)  the  ability  to  combine 
antenna  elements  or  circuit  elements  analyzed  outside  of  Touchstone  into  the 
overall  geometrical  representation,  (2)  the  ability  to  combine  a  large  number 
of  line  segments  into  a  few  polylines,  (3)  the  generation  of  a  new  circuit  fde 
with  a  sequentially  numbered  netlist  (when  elements  are  inserted  in  the 
middle  of  a  netlist,  the  node  numbering  can  become  confusing),  (4)  the 
identification  of  unused  variables,  and  (5)  some  syntax  error  warnings.  This 
program  is  useful  for  checking  that  a  circuit  is  geometrically  reasonable, 
producing  artwork  that  can  be  sent  to  circuit  etchers  with  only  minor 
modification,  or  checking  a  Touchstone  circuit  analysis  with  an 
electromagnetic  solver.  This  program  can  simplify  the  work  of  an 
electromagnetic  solver  by  allowing  the  circuit  part  of  a  design  to  be  analyzed 
in  Touchstone  and  then  combined  with  the  antenna  portion.  The  basic 
requirements  for  using  this  program  are  of  course  Touchstone  and  a  CAD 
program  that  accepts  DXF  formatted  files.  The  full  usefulness  of  this 
program  is  realized  when  it  is  used  with  an  electromagnetic  solver  that 
accepts  DXF  input  and  produces  antenna  port  data  in  touchstone  SNP 
format.  Examples  using  stripline  or  microstrip  circuits  and  various  radiators 
drawn  from  NRL  research  projects  are  given. 

A  companion  CD-ROM  with  the  executable  code,  source  code, 
examples,  and  a  freely  available  C++  compiler  from  Cygnus  is  also  provided. 
The  source  code  is  provided  so  that  the  user  may  add  to  or  modify  the 
program,  or  recompile  it  with  a  preferred  C++  compiler. 
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1.0  INTRODUCTION  About  a  decade  ago  I  borrowed  a  copy  of  Touchstone 
from  another  section  at  NRL.  It  did  not  have  any  plotting  capability,  so  I  wrote  a 
program  in  Pascal  to  plot  my  circuit  files.  This  was  fairly  simple  as  I  was  only 
using  stripline  lines,  stripline  steps,  stripline  bends,  and  stripline  tees.  As  my 
understanding  of  Touchstone  grew  I  added  new  features  to  the  plotting  program  - 
more  elements,  equation  parsing,  and  exporting  DXF  files.  Several  years  ago  I 
rewrote  my  Touchstone  plotting  routine  in  C-H-. 

I  have  continued  to  use  Touchstone,  even  as  circuit  analysis  programs  with 
schematic  capture  have  become  available,  because  I  appreciate  its  simplicity.  I  use 
Touchstone  mostly  to  design  power  dividers  for  arrays,  and  viewing  them  with 
a  schematic  capture  program  has  seemed  awkward  to  me.  If  I  make  one  big  circuit 
then  it  is  hard  to  view  it  all  at  once  and  if  I  make  a  lot  of  small  circuits  in  different 
files  then  I  still  cannot  view  it  all  at  once.  When  the  price  of  schematic  capture 
programs  is  added  in,  there  did  not  seem  to  be  an  advantage  for  my  particular 
applications.  I  have  run  into  quite  a  few  engineers  who  still  use  Touchstone  but 
Hewlett  Packard  recently  stopped  selling  it,  so  as  people  lose  their  hardware  keys 
the  number  of  Touchstone  users  will  dwindle. 

The  name  of  the  program  described  in  this  report  is  TSPLOT32. 

“TSPLOT”  means  Touchstone  Plot  and  the  “32”  indicates  that  it  has  been  revised 
thirty  two  times. 

2.0  WHY  C++  When  I  made  the  switch  from  MS-DOS  to  MS-Windows,  I  found 
that  most  of  the  programs  I  had  written  did  not  access  the  printer  port  reliably.  In 
general  everything  else  worked  as  it  had,  but  a  change  was  necessary  because  I  use 
the  printer  for  plotting  most  of  the  time.  I  tried  out  a  commercially  available  C++ 
compiler  and  found  that  it  could  replace  FORTRAN  because  it  handles  complex 
numbers  gracefully,  it  could  replace  Pascal  because  it  allows  easy  access  to 
dynamic  memory,  and  if  I  used  the  built  in  debugger  it  could  replace  BASIC  which 
I  used  for  its  ease  of  debugging.  In  addition,  C++  facilitates,  but  does  not 
mandate,  object  oriented  programming.  As  will  be  explained  in  the  section 
“EXTENDING  THE  CAPABILITIES  OF  TSPLOT32",  this  simplifies  the 
maintenance  and  extension  of  programs  as  requirements  change. 

2.1  FREE  C++  COMPILERS  A  number  of  C++  compilers  can  be 
downloaded  for  free  from  the  Internet.  They  are  generally  command  line 
compilers  which  means  they  work  in  an  MS-DOS  type  environment.  However,  a 
number  of  integrated  development  environments  (IDE’s)  are  also  available  free 
over  the  Internet.  An  IDE  is  a  Windows  based  text  editor  which  has  the  ability  to 
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invoke  the  compiler  on  the  program  it  is  processing.  TSPLOT32  has  been  tested 
with  two  free  compiler-IDE  combinations:  (1)  The  GNU  Cygwin  version  20b 
compiler  and  the  pcGRASP  IDE,  and  (2)  the  Borland  version  5.5  compiler  and  the 
VIDE. 

The  Cygwin  compiler  can  be  downloaded  directly  from 

flp://sourceware.cvgnus.com/Dub/cvgwin/old/cvef\\dn-b20/. 

and  the  pcGRASP  IDE  can  be  downloaded  from 

http://ww\v.eng.aubum.edu/department/cse/research/grasp,/. 

after  logging  in.  The  Borland  version  5.5  compiler  can  be  download  from 

http://w'ww.borland.com/bcppbuilder/freecompiler/. 

after  logging  into  the  “Borland  Community”  and  VIDE  can  be  downloaded  from 
http://www.objectcenlral.com/downloads.htm. 

All  of  the  compiler  and  IDE  files  are  self  extracting.  In  addition,  advice  and  help 
files  for  the  Borland- VIDE  combination  can  be  found  at 
http://w^vw.  Dharo.onlinehome.de/Downloads.html. 

The  Cygwin  -  pcGRASP  combination  is  elegant  for  its  simple  setup 
procedure.  If  all  the  defaults  are  chosen  in  installation,  pcGRASP  can  be 
configured  for  the  GNU  compiler  by  going  to  the  file  menu,  choosing  the  global 
preferences  sub-menu,  clicking  the  C++  tab,  scrolling  down  to  (C++)  Cygnus 
Beta  20  in  the  Compiler  Environment  for  C++  Programs  box,  and  clicking  OK. 
That  is  all  there  is  to  do.  The  Borland-VIDE  installation  is  quite  a  bit  more 
involved  and  is  different  for  Windows  98  and  Windows  NT.  However,  if  you 
make  it  through  all  the  wickets  you  will  be  rewarded  with  a  compiler  that  gives 
better  error  messages. 

3.0  INTRODUCTORY  EXAMPLE.  A  simple  example  will  illustrate  most  of 
the  features  of  TSPLOT32.  Listing  1  shows  part  of  a  Touchstone  .ckt  file  (the 
entire  file,  wilkdemo.ckt,  is  on  the  companion  CD-ROM)  for  a  Wilkinson  power 
divider,  with  untapered  arms  for  simplicity.  Most  of  the  feature  of  TSPLOT32  will 
be  demonstrated  by  examining  how  this  file  is  processed  and  the  final  output.  First 
notice  that  lines  52,  56  and  57  have  the  declaration  !  lENDS  which  looks 
something  like  a  Touchstone  comment  and  something  like  a  Touchstone  element. 
This  is  a  special  non-Touchstone  element  that  has  been  added  to  draw 
perpendicular  lines  across  the  circuit,  typically  at  the  ends  of  traces. 

When  TSPLOT32  opens  the  file  wilkdemo.ckt,  it  reads  through  the  DIM 
block,  parses  the  VAR  block,  parses  and  evaluates  the  EQN  block,  and  parses  and 
constructs  the  circuit  elements  in  the  CKT  block.  When  TSPLOT32  gets  to  line 


220 


13: 

VAR 

38: 

SMITER  35  34  W^wlOO 

14: 

w50  =  104 

39; 

SUN  35  36  W^wlOO  Ullc 

15: 

wlOO  =  27 

40: 

SMITER  36  37  W^wlOO 

16: 

wres  =  40 

41: 

SUN  37  24  W^wlOO  Ulld 

17: 

Ires  =  40 

42: 

STEE  24  3  4  WrwlOO  W2"wl00 

W3"wres 

18: 

10  =  100 

43: 

SUN  4  6  W''wres  Ulres 

19: 

11  =750 

44: 

SUN  3  45  W^wlOO  UL2a 

20: 

p 

li 

o 

o 

45: 

SBEND2  45  46  W'wlOO  ANG=45  M 

=0 

21: 

lib  =  312 

46: 

SUN  46  47  W^wlOO  UUh 

22: 

11c  =  256,25 

47: 

SBEND2  47  48  W^wlOO  ANG=45  M 

=0 

23: 

12a  =  50 

48: 

SUN  48  5  W^wlOO  U12c 

24: 

12b  =  200 

49: 

DEBP  1  6  5  arm 

25: 

12c  =  250 

50: 

26: 

51: 

SUN  1  2  W"w50  UlO 

27: 

Ntums  =  1.41421 

52: 

!!ENDS  1  W-w50 

28: 

rl  =  200 

53: 

S3P  3  4  2  tee4.s3p 

29: 

54: 

arm  3  23  13 

30: 

EQN 

55: 

arm  4  24  14  FUP 

31: 

lid  =  11  -11a -lib -11c 

56: 

BENDS  13  W"wl00 

32: 

57: 

BENDS  14  W^'wlOO 

33: 

CKT 

58: 

RES  23  24  R^rl 

34: 

SSUB  ER  =  2.2  B  =  125  T  =  0  RHO  =  0 

59: 

XFER  13  5  0  0  N^Ntums 

35: 

SUN  1  2  W^wlOO  L'^Lla 

60: 

XFER  14  6  0  0  N^Ntums 

36: 

SMITER  23  2  W'wlOO 

61: 

DEBP  1  5  6  tee 

37: 

SUN  23  34  W'^wlOO  L"llb 

Listing  1  -  Touchstone  File  for  Simple  Wilkinson  Divider 

49,  its  representation  of  the  circuit  in  memory  looks  something  what  is  shown  in 
Fig.  la.  It  has  constructed  all  the  elements  and  made  note  of  the  nodes  to  which 

these  elements  are  connected.  At  this  point  it  constructs  a  temporary  new  three 


port  element  called  “arm”  for  use  later  on. 


The  execution  of  TSPLOT32  continues  to  line  53  which  specifies  a 


Touchstone  data  file  named  “tee4.s3p”.  Touchstone  data  files  do  not  have  any 
geometric  information  so  TSPLOT32  looks  for  a  DXF  file  named  “teed.dxf ’.  The 
DXF  file  must  be  formatted  in  a  particular  way  which  will  be  discussed  in  the 
section  on  “EXTENDING  THE  CAPABILITIES  OF  TSPLOT32 ".  Just 
before  TSPLOT32  processes  line  61  its  internal  representation  resembles  Fig.  lb, 
and  right  after,  its  internal  representation  resembles  Fig.  Ic.  The  next  non-blank 
line  TSPLOT32  encounters  indicates  that  it  has  finished  the  CKT  block,  and  the 
representation  in  Fig.  Ic  becomes  final.  At  this  point  TSPLOT32  does  five  things: 


221 


It  reads  the  rest  of  the  file  and  stores  the  remaining  lines  as  comments. 


2)  It  prints  all  the  values  from  the  VAR  and  EQN  blocks  to  the  screen  and  to 
a  file  named  wilkdemo_.txt.  If  any  of  the  variables  were  not  used  it  prints  a 
warning. 

3)  It  generates  a  DXF  file  of  the  circuit  named  wilkdemo_.dxf  and  plots  a  line 
drawing  of  the  circuit  to  a  HP  LaserJet  3*  printer  if  it  is  attached  to  the  line 
printer  port. 

4)  It  renumbers  the  nodes  sequentially  in  the  circuit  file,  and  prints  the 
renumbered  file  to  wilkdemo_.ckt. 

5)  If  there  were  any  disconnected  elements  or  any  nodes  that  did  not  have 
exactly  two  elements  TSPLOT32  prints  a  warning  to  the  screen. 

Figure  Ic  also  provides  a  pictorial  representation  of  the  resistors  and 
transformers  that  were  in  the  circuit.  This  is  for  user  information  only.  The 
resistor  and  transformer  have  no  geometrical  information  associated  with  them  so 
they  must  be  located  on  the  ports  or  extremities  of  the  circuit. 

4.0  CAPABILITIES.  TSPLOT32  recognizes  and  plots  the  stripline  and  - 
microstrip  elements  shown  in  Table  1 .  These  are  elements  which  are  used 
frequently  by  the  author  and  hence  have  been  debugged  through  usage. 

TSPLOT32  recognizes,  and  in  some  cases  plots.  Touchstone  elements 
which  are  not  stripline  or  microstrip  (or  coplanar  waveguide).  These  elements  are 
shown  in  Table  2.  The  reason  these  elements  are  included  is  that  they  are  used 
frequently  in  designing  microwave  circuits  and  if  they  are  not  recognized  they  must 
be  removed  (or  commented  out)  whenever  TSPLOT32  is  used  to  process  the 
circuit  file.  Where  possible  a  graphical  representation  of  these  elements  is  added  to 
the  DXF  file  and  the  printed  drawing. 

Several  non-Touchstone  elements  have  been  added  to  the  repertoire  of 
TSPLOT32  elements.  These  elements  must  be  transparent  to  Touchstone  so  they 
must  appear  as  comments.  In  order  for  TSPLOT32  to  differentiate  these  special 


‘LaserJet  4,  5  and  6  also. 


Table  1  -  Touchstone  Stripline  and  Microstrip  Elements  Processed  by  TSPLOT32 
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Stripline  Tee  STEE  nl  n2  n3  Wl=  W2=  W3= 


Table  1  -  Touchstone  Stripline  and  Microstrip  Elements  Processed  by  TSPLOT32  (continued) 
ELEMENT  SYNTAX  COMMENT 
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caution. 


Table  1  -  Touchstone  Stripline  and  Microstrip  Elements  Processed  by  TSPLOT32  (continued) 
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Table  2  -  Touchstone  Elements  Processed  by  TSPLOT32  that  are  not  from  Stripline  or  Microstrip  families. 


t/5  C 

3  u  .2 
0  3®- 

c  §>1 

«  ^  S 


3  §  W 

S  sx  & 
C3  O 

2:  §o 

d 

0  2  2 
W  V)  w 

’uo 

O 


il 

!W 

II 

ti-i 

II 

:z; 

II 

CO 

d 

II 

C 

m 

d 

(N 

fN 

d 

d 

d 

d 

d 

d 

Pi 


c 

(U  Ui 

S  I 

o  d 


227 


Table  3  -  Graphical  non-Touchstone  Elements  Processed  by  TSPLOT32. 
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graphical  elements  from  other  comments,  they  begin  with  a  double  comment 
character  “! !”.  The  special  graphical  elements  are  listed  in  Table  3.  TSPLOT32 
generates  polylines^  from  the  outlines  of  all  the  elements  in  the  circuit  it  is 
interpreting.  In  the  course  of  generating  polylines,  TSPLOT32  attempts  to 
minimize  the  number  of  segments  without  changing  the  outline  of  the  circuit  in  any 
way.  If  TSPLOT32  finds  three  consecutive  points  that  are  collinear  it  eliminates 
the  middle  point,  leaving  one  long  segment.  This  might  happen,  for  example,  if  the 
circuit  had  a  50Q  stripline  10  mils  long  followed  by  a  50Q  stripline  500  mils  long. 
TSPLOT32  would  make  one  segment  510  mils  long.  This  feature  is  especially 
useful  if  the  DXF  output  of  TSPLOT32  is  used  as  the  input  for  a  method  of 
moments  electromagnetic  solver.  Short  segments  in  DXF  polyline  are  difficult  for 
method  of  moments  solvers  to  analyze.  Also,  in  the  course  of  making  a  digital 
representation  of  the  circuit  elements,  and  moving  them  to  the  element  with 
matching  node  numbers,  digitization  errors  can  occur.  When  TSPLOT32  joins 
two  line  segments  or  attempts  to  eliminate  intermediate  collinear  points,  it  does  not 
test  for  absolute  equality  but  rather  looks  for  approximate  equality.  The  parameter 
which  controls  the  degree  of  approximation  is  named  “ERR”  and  is  defined  on  line 
29  of  the  program.  The  user  can  change  this  parameter;  of  course  TSPLOT32 
must  be  recompiled  after  any  code  is  changed. 

Often  TSPLOT32  is  able  to  generate  a  single  closed  polyline  for  the  circuit 
if  there  are  no  parallel  coupled  lines  in  the  circuit.  The  pseudo-element  “!  lENDS” 
from  Table  3  is  required  to  accomplish  this  because  TSPLOT32  does  not  add 
perpendicular  lines  across  the  ends  of  circuit  traces.  The  polylines  generated  by 
TSPLOT32  are  useful  in  at  least  three  ways: 

1)  As  mentioned  previously,  they  facilitate  the  importation  of  Touchstone  files 
to  method  of  moments  codes. 

2)  Often  if  TSPLOT32  is  not  able  to  join  two  segments  that  should  be  joined, 
it  is  indicative  of  an  error  in  the  circuit.  An  example  of  this  would  be  two 
different  width  traces  that  abut  each  other  without  an  intervening  SSTEP 
or  MSTEP  statement. 

3)  The  closed  polylines  can  facilitate  the  preparation  of  circuit  etching  files. 


term  polyline  is  an  AutoCAD  feature.  It  refers  to  a  sequence  of  line  segments,  not  necessarily 
collinear,  joined  end  to  end  to  fonn  a  single  entity  in  an  AutoCAD  drawing.  The  author  has  recently  seen 
the  term  used  in  contexts  that  had  no  immediate  connection  to  AutoCAD,  though  it  does  not  yet  merit  an 
entry  in  the  dictionary. 
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When  circuits  are  etched  they  must  be  made  slightly  oversized  to  account 
for  the  conductor  edges  being  undercut  by  the  etchant.  The  DXF  files 
generated  by  TSPLOT32  can  be  read  back  into  AutoCAD  and  offset  by  the 
amount  of  the  expected  edge  undercutting. 

TSPLOT32  generates  DXF  files  that  have  four  layers.  The  first  layer,  “0", 
is  where  most  circuit  traces  are  drawn.  The  second  layer,  “1",  is  reserved  for  the 
outer  lines  that  represent  grounded  coplanar  waveguide  traces.  The  outer  lines  are 
put  on  a  separate  layer  from  the  inner  lines  to  facilitate  drawing  vias  in  AutoCAD. 
This  is  done  by  reading  the  DXF  file  into  AutoCAD,  offsetting  the  lines  on  layer  1 
by  the  distance  to  the  vias,  using  the  divide  feature  to  draw  points  at  regular 
intervals  along  the  offset  line,  setting  AutoCAD  to  snap  to  points,  and  then 
copying  vias  to  each  point.  Layer  “2"  is  reserved  for  circles,  and  layer  “3"  is 
reserved  for  non  essential  features  such  as  the  resistor  and  transformers  shown  in 
Fig.  Ic. 

5.0  RESTRICTIONS.  TSPLOT32  only  recognizes  a  subset  of  Touchstone 
microstrip  and  stripline  elements  which  is  shown  in  Table  1.  The  section  on 
“EXTENDING  THE  CAPABILITIES  OF  TSPLOT32”  shows  how  to  add 
subroutines  to  handle  new  elements. 

TSPLOT32  does  not  recognize  the  Touchstone  line  continuation  character 

TSPLOT32  reads  but  does  not  process  the  DIM  block  in  Touchstone  files. 

TSPLOT32  assumes  that  all  length  dimensions  are  in  mils  and  all  angular 
dimensions  are  in  degrees.  The  length  dimensions  in  DXF  files  must  be 
interpreted  from  context.  The  dimensions  in  DXF  files  produced  by  TSPLOT32 
are  interpreted  as  having  units  of  inches.  Similarly,  when  TSPLOT32  reads  a  DXF 
file  it  interprets  it  as  having  units  of  inches. 

The  Touchstone  stripline  and  microstrip  couplers,  SCLIN,  and  MCLIN 
have  four  optional  parameters  which  designate  the  widths  of  the  lines  adjoining  the 
couplers.  These  are  used  to  maintain  the  proper  spacial  relationship  between 
cascaded  coupler  sections.  TSPLOT32  does  not  recognize  these  four  optional 
parameters. 

TSPLOT32  does  not  recognize  the  artwork  replacement  parameters  used 
by  Touchstone  for  resistors,  capacitors,  inductors,  via  pads,  etc.  When 
TSPLOT32  uses  DXF  for  output  or  input,  it  expects  AutoCAD  version  12  DXF. 
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Version  12  DXF  output  by  AutoCAD  14  is  acceptable  for  input,  and  AutoCAD 
version  13  DXF  may  work.  The  DXF  format  changed  extensively  with  AutoCAD 
14  and  it  is  completely  unusable  by  TSPLOT32  for  input.  However,  AutoCAD  14 
has  no  problem  reading  DXF  from  any  earlier  version  of  AutoCAD. 

6.0  EXTENDING  THE  CAPABILITIES  OF  TSPLOT32  The  capabilities  of 
TSPLOT32  may  be  extended  in  two  ways;  (1)  by  supplying  Touchstone  with  an  S- 
parameter  data  file  for  an  element  that  is  not  in  its  library  and  supplying 
TSPLOT32  with  a  specially  formatted  DXF  file  for  the  same  part,  and  (2)  by 
adding  code  to  TSPLOT32  for  an  element  which  is  in  the  Touchstone  repertoire, 
but  which  has  not  been  implemented  yet.  The  former  method  affords  great 
flexibility  in  the  variety  of  geometries  that  may  be  accommodated,  while  the  latter 
method  is  much  easier  than  it  sounds  because  of  the  object  oriented  nature  of  C++. 

6.1  DXF  FORMAT  RULES  FOR  EXTERNALLY  ANALYZED 
CIRCUITS.  In  describing  the  process  of  making  a  drawing  and  exporting  it  in 
DXF  format  it  will  be  assumed  that  the  reader  is  using  AutoCAD  14.  There  are 
many  drawing  CAD  packages  on  the  market  so  it  is  impossible  to  make 
generalizations  about  them  all.  When  making  the  drawing,  keep  the  following 
points  in  mind: 

1)  TSPLOT32  interprets  all  the  dimensions  in  Touchstone  circuit  files  as 
having  units  of  mils,  and  all  dimensions  in  DXF  files  as  having  units  of 
inches.  The  circuit  files  could  just  as  well  have  units  of  millimeters  if  the 
DXF  file  have  units  of  meters. 

2)  TSPLOT32  transfers  only  the  polylines  and  circles  that  it  finds  in  the  input 
DXF  file  to  its  output  representation. 

3)  TSPLOT32  needs  to  determine  the  location  of  each  microwave  port  in  the 
input  DXF  file.  This  is  done  by  drawing  points  in  the  exact  center  of  each 
port. 

4)  TSPLOT32  needs  to  correlate  the  port  numbers  with  the  locations  of  the 
ports.  This  is  done  by  drawing  the  points  designating  ports  in  the  order 
they  are  numbered.  AutoCAD  14  lists  drawing  objects  in  DXF  files  in  the 
order  in  which  they  are  drawn. 


231 


5)  TSPLOT32  needs  to  determine  the  orientation  of  each  port.  This  is  done 
by  drawing  line  segments  from  the  points  designating  the  ports  into  the 
interior  of  the  port.  These  line  segments  must  be  perpendicular  to  the 
planes  of  the  ports. 

The  tee  used  in  Listing  1  will  be  analyzed  as  an  example.  The  AutoCAD 
drawing  used  to  generate  the  DXF  file  is  shown  in  Fig.  2.  The  first  step  is  to  draw 
the  polyline  segments  ABC,  DEFGHI,  and  JKL.  If  a  drawing  already  exists  that 
was  used  in  an  electromagnetic  solver,  it  will  work.  However,  be  sure  that  all 


segments  which  you  want  to  include  are  converted  to  polylines.  If  the  drawing  has 
polyline  segments  closing  off  the  ports  at  CD,  IJ,  and  LA  they  will  be  imported  by 
TSPLOT32  if  not  removed.  The  next  step  is  to  designate  the  location  of  the  ports 
at  points  1,  2,  and  3.  In  AutoCAD  14  the  easiest  way  to  do  this  is  to  turn  off  all 
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snap  functions,  select  draw  point,  and  when  it  prompts  you  for  a  location,  type 
‘cal.  When  AutoCAD  prompts  you  for  an  expression,  type  (end+end)/2  and  snap 
on  points  C  and  D.  Do  the  same  for  points  2  and  3,  snapping  on  points  I  &  J,  and 
L  &  A.  The  last  step  is  to  draw  the  segments  1-1',  2-2',  and  3-3'  which  designate 
the  orientation  of  the  ports.  In  AutoCAD  14,  the  easiest  way  to  do  this  is  to  set 
the  snap  mode  to  node,  and  turn  ortho  mode  on.  Then  draw  lines  from  points  1,  2, 
and  3  into  the  interior  of  the  tee.  The  conversion  is  done.  Save  the  file,  export  it 
as  an  AutoCAD  version  12  DXF  file  with  the  same  name  root  as  the 
corresponding  Touchstone  date  file,  and  put  it  in  the  same  directory  as  the  circuit 
file  and  the  Touchstone  data  file.  When  TSPLOT32  encounters  the  statement 
specifying  the  Touchstone  data  file  it  will  automatically  open  the  corresponding 
DXF  file. 

6.2  ADDING  CODE  TO  TSPLOT32  FOR  NEW  TOUCHSTONE 
ELEMENTS.  TSPLOT32  has  been  written  in  C++  which  is  an  object  oriented 
language.  Object  oriented  means  that  you  specify  certain  data  sets  and  functions 
to  operate  on  those  data  sets,  and  the  compiler  figures  out  from  context  which 
functions  and  data  go  together.  An  example  from  FORTRAN  can  help  illustrate 
this  point.  In  FORTRAN  there  are  four  or  more  numeric  data  types:  integer,  real, 
double  precision,  and  complex.  Each  of  these  data  types  has  an  absolute  value 
function:  lABSQ,  FABSQ,  DABSQ,  and  CABSQ,  respectively.  Older  FORTRAN 
compilers  required  the  programmer  to  call  the  correct  absolute  value  function  for 
the  data  type  used.  More  modern  compilers  allow  the  programmer  to  use  a 
generic  ABSQ  function,  and  the  compiler  figures  out  which  form  to  actually  call. 
With  FORTRAN,  the  ability  to  choose  which  type  of  built-in  functions  to  call  for 
built-in  data  types  is  done  as  a  convenience  to  the  programmer.  In  C++,  the  ability 
of  the  compiler  to  call  user  specified  functions  for  user  specified  data  based  on 
context  is  an  important  feature  of  the  language. 

In  the  FORTRAN  example  just  discussed,  the  generic  type  for  integer,  real, 
double  precision,  and  complex  is  “number”,  so  they  all  share  enough  in  common 
that  ABSQ  makes  sense  for  each.  In  TSPLOT32  the  generic  type  is  “Touchstone 
circuit  element”.  All  Touchstone  elements  as  they  are  processed  by  TSPLOT32 
have  a  number  of  properties  in  common,  and  this  has  been  addressed  in  the  body  of 
the  program.  All  that  is  necessary  to  add  a  new  Touchstone  element  to 
TSPLOT32  is  for  the  user  to  supply  the  code  which  makes  the  new  element 
different  from  all  the  others,  and  the  code  to  recognize  the  new  element. 

C++  has  a  construct  called  a  “class”  in  which  data  and  functions  that 
operate  on  them  are  defined  simultaneously.  The  functions  which  are  defined  in 
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C-H-  are  functionally  the  same  as  what  would  be  defined  in  C,  Pascal,  or 
FORTRAN,  but  in  those  languages  the  programmer  has  to  somehow  mark  data  as 
to  what  it  represents  and  at  various  stages  in  the  program  check  that  mark  to  see 
what  subroutine  to  use.  With  0++  all  the  code  relating  to  a  specific  data  type  is 
defined  in  one  place,  and  the  compiler  takes  care  of  executing  the  appropriate  code 
at  the  appropriate  time. 

The  procedure  for  adding  the  code  for  a  new  Touchstone  Element  to 
TSPLOT32  has  several  steps: 

1)  Draw  a  picture  of  the  element  with  dimensions  given  in  terms  of 
Touchstone  parameters.  Draw  node  1  so  that  it  is  centered  at  the  origin, 
and  points  in  the  direction  of  180°.  Refer  to  the  Touchstone  Circuit 
Element  Catalog[l][2]  for  a  precise  explanation  of  geometrical 
relationships. 

2)  Write  algebraic  equations  relating  the  positions  and  orientations  of  the 
other  elements  to  the  position  of  node  1  and  the  parameters  of  the  element. 

3)  Write  algebraic  equations  relating  the  positions  of  vertices  in  the  outline  of 
the  element  to  the  position  of  node  1  and  the  parameters  of  the  element. 

4)  Find  the  code  for  an  element  that  is  similar  to  the  element  being  added,  and 
copy  it.  Systematically  go  through  the  code  and  change  the  name  of 
variables  that  refer  to  the  old  element  to  names  that  refer  to  the  new 
element.  This  is  not  required  since  the  variables  are  local,  but  helpful  to 
keep  attention  focused  on  the  new  element. 

5)  Modify  the  old  code  where  possible  and  add  new  code  as  necessary  to 
describe  the  new  element  in  TSPLOT32. 

6)  Add  the  new  code  into  TSPLOT32  between  the  class  definitions  for  two 
other  Touchstone  elements.  The  section  of  TSPLOT32  which  contains 
these  definitions  is  between  lines  2076  and  3869. 

7)  Go  to  the  part  of  TSPLOT32  that  parses  the  CKT  block  and  add  the  lines 
that  will  allow  it  to  recognize  the  new  element.  This  is  almost  entirely  a 
cutting  and  pasting  operation. 

8)  Save  the  modified  program  with  a  new  name,  e.g.  TSPLOT33.  This 


insures  a  return  path  to  a  working  version  of  the  program. 


9)  Compile  and  test  the  new  program. 


This  process  will  be  illustrated  by  modifying  the  code  for  SLIM,  a  stripline 
straight  section  to  obtain  the  code  for  MBEND2,  a  simple  mitred  microstrip  line. 
Fig.  3  shows  the  SLIN  and  MBEND2  elements  and  the  algebraic  relationships 
between  the  element  parameters,  and  the  coordinates  of  the  vertices  and  nodes  in 
the  elements.  The  code  in  TSPLOT32  which  refers  specifically  to  SLIN  begins  on 
line  2263  and  extends  to  line  2284,  and  this  is  shown  in  Listing  2. 


2263 

class  slin:  public  nport { 

2264 

realNum  w,  1; 

2265 

public: 

2266 

slin(GNList  &slinlist,  TVList  &rList,  char  *linstr, 
int  ln=0  ):  nport (  2, 

2267: 

slin  list,  rList,  linstr.  In)  { 

2268: 

for  (int  i=l;  i<=2;  i++)  pGblNArray [i]  = 
slinlist.pFindMatch(pstr,LinNuni() ) ; 

2269 

checkParamStr (  "W",  w,  rVList) ; 

2270 

checkParamStr (  "L",  1,  rVList) ; 

2271 

locNArray [ 1] . abs  set  x  y  theta (0, 0, 180) ; 

2272 

locNArray[2] . abs_set_x_y_theta (1 { ) ,0,0) ; 

2273 

newline ( ) ; 

2274 

pAddToBack (0,w { ) /2) ; 

2275 

pAddToBack (1 ( ) , w ( ) /2) ; 

2276 

newline ( ) ; 

2277 

pAddToBack (0, -w { ) /2) ; 

2278 

pAddToBack (1 ( ) , -w ( ) /2 ) ; 

2279 

} 

2280 

void  ckt  Prt  1 (ostream  &rs)  { 

2281 

rs  «  "  SLIN  "  «  pGblNArray  [  1]  “->getNuin()  «  ss 

2282 

«  pGblNArray  [2 ] ->getNuin()  «  ss  «  "W"  «  w 

2283 

«  ss  «  "L"  «  1  «  '\n';  } 

2284 

}; 

Listing  2  -  Code  in  TSPLOT32  referring  to  SLIN  element. 


The  first  step  is  to  designate  a  new  class  mbend2; 

class  inbend2 :  public  nport  { 

The  next  step  is  to  declare  the  Touchstone  parameter  for  Mbend2,  namely  w. 

realNum  w; 
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“realNum”  is  a  special  type  created  for  TSPLOT32  which  has  all  the  properties  of 
a  real  number  plus  the  ability  to  read  itself  from  and  write  itself  out  to  a 
Touchstone  file.  This  means  that  if  a  realNum  is  associated  with  optimization 
limits,  it  keeps  track  of  those  limits,  and  prints  them  out  to  the  renumbered  file 
when  required.  However,  since  a  realNum  is  not  a  true  C++  real  variable  it  must 
be  followed  by  parenthesis  when  used  in  an  algebraic  statement.  The  next  line 
should  be  copied  exactly: 


public: 

Line  2266  and  2267  should  be  copied  directly,  replacing  the  characters  “slin”  with 
“mbend2”  wherever  they  appear. 

inbend2  (GNList  &inbend21ist,  TVList  &rList,  char  *linstr,  int 
ln=0  ):  nport{  2,  mbend21ist,  rList,  linstr,  In)  { 

The  “2"  which  appears  immediately  after  the  characters  “nport  ( “  specifies  that 
MBEND2  has  two  ports  and  would  be  changed  if  the  number  of  ports  was  being 
changed.  Line  2268  reads  the  nodes  in  and  stores  them  in  a  list,  “slin”  must  be 
changed  to  “mbend2"  producing: 

for  (int  i=l;  i<=2;  i++)  pGblNArray [i] 

=inbend21ist.pFindMatch(pstr,LinNum()  )  ; 

Line  2269  can  be  copied  directly  because  both  SLIN  and  MBEND2  have  a 
parameter  “w”. 

checkParamStr (  "W",  w,  rVList) ; 

MBEND2  does  not  have  any  more  parameters.  Line  2271  specifies  the  position 
and  orientation  of  node  1  and  is  copied  directly: 


locNArray[l]  . abs_set_x_y_theta { 0, 0, 180) ; 

By  referring  to  Fig.  3  it  can  be  seen  that  node  2  is  at  location  x=w/2,  y=w/2,  and 
the  outward  normal  points  in  the  direction  of  90°.  Line  2272  is  modified 
accordingly: 

locNArray[2] . abs_set_x_y_theta (w() /2,w() 12,  90) ; 

TSPLOT32  stores  polylines  internally  as  a  sequence  of  x-y  coordinates  designating 
the  vertices.  SLIN  has  two  polylines  and  SBEND2  has  one.  The  programmer 
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notifies  TSPLOT32  that  another  polyline  is  coming  with  the  statement  “newlineQ;” 
and  adds  vertices  with  the  pAddToBack(  x,  y  )  statement.  Referring  to  lines  2273 
to  2275  of  Listing  2  and  to  Fig.  3,  it  can  be  seen  that  the  one  polyline  in  MBEND2 
is  created  with: 

newline ( )  ; 

pAddToBack ( 0  ^ -w ( ) /2 ) ; 

pAddToBack (w ( ) ,w() /2) ; 

This  creates  a  segment  from  x=0,  y=-w/2  to  x=w,  y=w/2.  This  completes  the  code 
which  reads  in  the  nodes  and  element  parameters,  and  creates  the  internal  data 
representation  of  MBEM)2.  It  is  closed  off  with  a  right  brace: 

} 

The  next  section  of  code,  lines  2280  to  2283,  is  the  subroutine  which  prints 
SLIN  out  to  a  renumbered  circuit  file.  In  0++  input  and  output  devices  are  called 
streams.  The  operator  which  sends  data  to  a  stream  is  called  the  inserter  operator 
and  is  designated  by  “«“.  The  stream  and  each  of  the  items  being  sent  to  it  are 
separated  by  the  inserter  operator.  The  inserter  does  not  add  any  spaces  so  they 
must  be  included  explicitly  in  a  quoted  string  or  with  the  variable  ss  which 
represents  four  spaces.  The  inserter  operator  does  not  send  carriage  returns  either 
so  they  must  be  specified  explicitly  with  ‘\n’.  With  these  guidelines  in  mind,  the 
print  function  for  SLIN  can  be  copied  without  much  change.  “SLIN”  is  changed 
to  “MBEND2"  and  reference  to  parameter  “L”  is  erased  giving: 

void  ckt_Prt_l (ostream  &rs)  { 

rs  «  "  MBEND2  "  «  pGblNArray [ 1] ->getNum ( )  «  ss 
«  pGblNArray [2 ] ->getNum()  «  ss  «  "W"  «  w  «  '\n'; 

) 

The  section  of  code  called  “class  mbend2"  is  closed  off  with  a  right  brace  and  a 
semicolon: 


}; 


The  code  created  here  can  be  compared  to  the  code  for  MBEND2  which  begins  on 
line  3205  of  TSPLOT32.  The  code  in  TSPLOT32  is  the  same  except  that  is  been 
modified  to  accept  an  optional  coplanar  waveguide  parameter  G  which  specifies 
the  width  of  the  gap.  The  coplanar  code  is  fairly  transparent  so  a  comparison 
should  be  easy. 
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There  is  still  one  little  programming  chore  to  do.  All  the  code  that  has 
been  written  for  MBEND2  so  far  tells  TSPLOT32  what  to  do  once  it  has 
recognized  MBE1SID2  in  the  CKT  block  of  a  Touchstone  file.  TSPLOT32  also 
needs  to  be  modified  to  recognize  MBEND2  in  the  first  place.  This  is  done 
between  lines  4402  and  4557.  The  section  of  code  for  SLIN  begins  on  line  4430 
and  is  shown  in  Listing  3. 


4430:  else  if  (!stricinp(  elmstr,  "SLIN"))  { 

4431:  slin  *slinl  =  new  slin (nodList,  VList,  pexpstr.  In) ; 

4432:  c)ctList_l  .pAddToBaclc  (slinl)  ; 

4433:  } 

Listing  3  -  Code  to  recognize  Touchstone  SLIN  element 

Lines  4402  to  4557  is  a  chain  of  if  statements,  so  all  that  needs  to  be  done  is  to 
copy  the  SLIN  link  in  the  chain,  paste  it  somewhere  in  the  chain  between  two 
links,  and  change  the  characters  “slin”  to  “mbend2"  everywhere  in  the  new  link  as 
shown  below; 

else  if  (!stricinp(  elmstr,  "MBEND2"))  { 

mbend2  *inbend21  =  new  inbend2  (nodList,  VList,  pexpstr.  In)  ; 
cktList_l .pAddToBack {mbend21) ; 

) 

For  comparison,  the  code  which  is  already  in  TSPLOT32  to  recognize  MBEND2 
may  be  found  beginning  on  line  4518. 

6.3  C++  HELP  Numerous  reference  on  C++  are  available  in  bookstores 
and  libraries,  but  “Thinking  in  C++”  by  Bruce  Eckel[3]  is  one  of  the  best.  It  is  also 
available  for  free  on  the  Internet  in  HTML  or  PDF  format[4].  The  first  four 
chapters  provide  sufficient  knowledge  to  get  started  modifying  TSPLOT32. 

7.0  RUNNING  TSPLOT32  The  procedure  for  running  TSPLOT32  will  be 
described  with  reference  to  using  the  pcGRASP  -  GNU  combination.  The  steps 
are  as  follows: 

1)  Choose  pcGRASP  from  the  START->Programs  selection  of  Windows  9x 
or  Windows  NT.  If  you  have  placed  the  pcGRASP  icon  on  your  desktop 
you  can  click  on  it. 

2)  pcGRASP  has  been  designed  to  work  with  several  different  languages,  so  it 
must  be  informed  what  type  of  file  it  is  opening.  In  pcGRASP  choose  the 
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“file”  menu,  “open”  sub-menu,  and  select  “C++”;  an  open  file  dialog  box 
appears.  Navigate  to  the  directory  which  contains  TSPLOT32  and  the 
Touchstone  circuit  file  you  want  to  plot.  Open  TSPLOT32.  Note  that 
pcGRASP  adds  many  little  figures  and  lines  to  the  file.  These  marks  may 
be  turned  off  by  selecting  the  Remove  CSD  button  near  the  top  left  of  the 
screen. 

3)  Compile  TSPLOT32  by  clicking  the  Compile  and  Link  button.  It  can  be 
identified  by  the  icon  with  two  arrows  pointing  down  to  a  sheet  of  paper. 
Alternatively,  it  should  be  the  fourteenth  button  over  from  the  left.  If 
TSPLOT32  has  already  been  compiled  and  linked  this  step  may  be  omitted. 

N.B.  The  GNU  compiler  had  its  origin  on  UNIX  systems,  so  it  is  still 
semi-case  sensitive  with  respect  to  file  names,  while  Windows  is  case 
insensitive.  TSPLOT32  should  have  a  file  extension  of  “.cpp”  but 
sometimes  Windows  changes  it  to  “.CPP”.  The  GNU  compiler  will 
produce  strange  error  messages  to  the  effect  that  the  file  format  is  not 
recognized.  This  may  be  corrected  by  invoking  Windows  Explorer, 
clicking  on  TSPLOT32.CPP  and  changing  the  file  extension  to  small 
letters. 

4)  Run  TSPLOT32  by  clicking  on  the  run  button.  The  run  button  is  the 
sixteenth  button  over  from  the  left  and  has  a  down  arrow  in  its  icon. 

5)  TSPLOT32  is  a  console  mode  program  so  the  MS-DOS  window  appears 
with  a  message  prompting  the  user  for  the  Touchstone  file  name  without 
the  “.ckt”  extension.  TSPLOT32  prints  out  messages  about  its  progress, 
and  prompts  the  user  for  acknowledgment  several  times  before  it  finishes. 
This  is  done  because  there  are  number  of  problems  which  can  occur  such 
as  improper  Touchstone  syntax,  or  being  unable  to  find  an  input  DXF  file, 
and  it  is  helpful  to  know  where  in  the  process  the  problem  occurred. 

6)  In  principal,  once  a  program  has  been  compiled,  there  should  be  no  need  to 
use  the  compiler  or  the  IDE  again.  However,  pcGRASP  loads  a  dynamic 
link  library  which  TSPLOT32  uses,  so  TSPLOT32  must  be  run  from 
pcGRASP  even  if  it  is  not  re-compiled  again. 

8.0  EXAMPLES  The  predecessor  of  TSPLOT32  was  developed  to  plot  the 

power  divider  design  for  a  broadband  array  of  dual  flared  notches[5].  The  power 

divider  which  was  designed  to  cover  a  three  to  one  bandwidth,  is  shown  in  Fig.  4. 
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Figure  4  -  Seven  way  power  divider  designed  for  Wideband  Array  of  Dual  Flared 
Notch  Elements  as  plotted  by  TSPLOT32. 


The  Touchstone  circuit  file  may  be  found  on  the  accompanying  CD-ROM  and  is 
named  7_way.ckt.  The  circuit  file  as  it  exists  in  7_way.ckt  was  much  too  large  to 
be  analyzed  with  the  MS-DOS  version  of  Touchstone.  Rather  each  tee  in  the 
circuit  was  analyzed  separately,  and  then  all  were  combined  for  the  purpose  of 
plotting.  The  entire  circuit  was  analyzed  with  the  current  version  of  Touchstone  in 
preparation  for  this  report  and  the  amplitudes  of  the  outputs  were  found  to  match 
the  design  levels  closely.  However,  the  phases  of  the  outputs  were  poorly 
matched.  This  agrees  with  measurements  as  extensive  trimming  was  required  to 
get  the  phases  matched.  It  is  also  worth  noting  that  TSPLOT32  is  much  easier  to 
modify  than  its  predecessor.  When  a  new  element  was  added  to  the  old  plotting 
program,  it  was  necessary  to  modify  the  code  in  about  a  dozen  different  places. 
TSPLOT32  requires  changes  in  only  two  places. 

Fig.  5  shows  a  six  way  power  divider  implemented  in  coplanar  waveguide, 
and  the  Touchstone  file  for  it  is  named  6_way.ckt  on  the  accompanying  CD-ROM. 
TSPLOT32  was  modified  to  optionally  plot  microstrip  tees  and  bends  as  coplanar 
tees  and  bends.  This  capability  was  mentioned  earlier  but  not  discussed  at  length 
because  the  results  were  mixed.  The  input  was  well  matched,  and  the  outputs  of 
the  center  four  ports  tracked  closely.  However  the  two  outside  ports  varied  from 
the  others  markedly.  The  relative  amplitude  of  the  outside  ports  varied  from  0.2 
dB  at  1  GHz  to  0.8  dB  at  4  GHz  and  the  relative  phase  varied  from  10°  to  40° 
over  the  same  frequency  span.  The  experience  with  this  design  prompted  the 
addition  of  the  DXF  input  capability  to  TSPLOT32  so  that  coplanar  waveguide 
tees  and  bends  can  be  analyzed  with  a  method  of  moments  program  and  imported 
to  Touchstone. 
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Figure  5-6  way  coplanar  waveguide  power  divider.  The  output  from  TSPLOT32 
has  been  edited  with  AutoCAD  to  add  vias  to  ground  plane,  and  to  finish  details 
around  resistor  contact  pads. 


Fig.  6  shows  a  stripline  cavity-slot  antenna  which  was  inspired  by  the 
design  of  Clouston  and  Evans[6].  Their  design  featured  a  cavity  that  was  twice  as 
wide  as  the  one  shown  in  Fig  6.  with  feeds  on  each  side  of  the  slot  that  were  1 80 
degrees  out  of  phase.  Thus  they  had  a  plane  of  anti-symmetry  through  the  center 
of  their  slot.  In  an  effort  to  save  space  their  design  was  cut  in  half  with  an  electric 
wall  through  the  center  of  the  slot,  and  with  some  adjustment  of  dimensions 
satisfying  results  were  obtained. 

The  cavity  is  constructed  with  plated  through  vias  connecting  the  top  and 
bottom  grounds.  The  radiating  slot  is  etched  on  one  long  side  of  the  cavity  and  the 
stripline  feed  comes  in  from  the  opposite  side.  The  feed  is  connected  to  the  top 
ground  plane  only  by  a  plated  through  via,  and  the  impedance  is  adjusted  by 
moving  the  via  position  towards  or  away  from  the  slot.  Series  stubs  to  increase 
the  bandwidth  are  located  just  outside  the  cavity. 
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Figure6  -  Isometric  View  of  stripline  slot  antenna. 


The  slot  is  capacitive  below  resonance  and  inductive  above  resonance, 
while  the  stubs  are  just  the  opposite.  The  combination  of  the  slot  and  the  stubs 
increases  the  bandwidth.  It  is  found  that  the  bandwidth  can  be  increased  further 
by  modifying  the  dimensions  of  the  slot  so  that  it  never  achieves  a  perfect  match, 
tending  more  to  the  capacitive  side  of  the  Smith  chart.  Similarly  the  optimum 
matching  stub  tends  to  the  inductive  side  of  the  chart.  The  design  process  for  this 
antenna  was  begun  by  analyzing  a  series  of  unmatched  slots  using  a  method  of 
moments  code.  Impedance  data  for  each  design  was  exported  to  a  Touchstone 
data  file,  and  the  Touchstone  optimizer  was  used  to  design  the  matching  network. 
Then  TSPLOT32  was  used  to  convert  the  composite  design  back  into  DXF 
format.  Finally  the  DXF  file  was  fed  back  into  the  method  of  moments  code  for 
fine  tuning.  Figure  7  illustrates  this  concept.  The  files  for  this  example  can  also 
be  found  on  the  CD-ROM;  umslot.dxf  is  the  DXF  file  for  the  unmatched  slot. 
Umslot.slp  is  the  Touchstone  data  for  the  unmatched  slot  which  was  generated  by 
the  method  of  moments  program.  Matchslt.ckt  is  a  Touchstone  circuit  file  which 
combines  the  matching  network  with  umslot.slp.  Finally  mslot.dxf  is  the  DXF 
files  for  the  slot  antenna  after  it  has  been  tuned  with  the  method  of  moments  code. 
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Figure  7  -  Conceptual  sequence  to  increase  bandwidth  of  stripline  slot  antenna. 
Start  with  slot  analyzed  alone,  add  stubs,  do  course  optimization  with  Touchstone, 
and  do  fine  tuning  with  method-of-moments  program 


9.0  CONCLUSION  A  report  on  a  program  to  generate  DXF  files  from 
Touchstone  Data  files  has  been  presented.  Source  code  for  the  program  has  also 
been  presented.  Although  this  report  is  intended  to  serve  as  a  manual  for  both 
using  and  modifying  the  program,  it  is  assumed  the  reader  has  access  to  the 
Touchstone  manuals.  Several  examples  from  NRL  research  projects  have  been 
presented  to  illustrate  the  use  of  the  program. 

Hewlett  Packard  discontinued  selling  Touchstone  in  the  last  year. 
However,  Touchstone  retains  a  loyal  following  for  its  simplicity  and  accuracy  in 
analyzing  linear  passive  microwave  circuits.  It  is  hoped  that  this  program  will  be 
helpful  to  the  community  of  Touchstone  users. 
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